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A COMPARISON OF SEVERAL QUALITATIVE TESTS FOR SOIL 
ACIDITY 


HORACE J. HARPER anv H. G. M. JACOBSON! 
Iowa Agricultural Experiment Station 


Received for publication March 24, 1924 


Although many qualitative tests for soil acidity have been developed dur- 
ing the past few years and satisfactory results have been obtained in some 
cases, there is still some doubt as to the accuracy of the various methods, when 
used under certain conditions. Hence it has seemed desirable to study several 
of the more important methods and to ascertain if possible which tests are 
best suited for the determination of soil acidity in the field. 

For a field test accuracy, simplicity and rapidity are essential. With these 
factors in mind, a large number of observations were made with various tests 
on 51 soils secured as follows; 17 from Prof. E. Truog, Wisconsin; 14 from Prof. 
E. E. DeTurk, Illinois; 6 from Prof. F. L. Duley, Missouri; and the remaining 
number from various parts of Iowa. The samples were all air-dried, ground 
to pass a 20-mesh sieve, and tested by the following methods: 


1. Hydrogen-ion concentration. Determined electrometrically on a suspension made by 
shaking 50 gm. of soil and 100 cc. of distilled water in an Erlenmeyer flask for 20 minutes. 

2. “Soiltex.”” Made as recommended by Spurway (9). 

3. Truog test. Made as recommended by Truog (10). 

4. Comber potassium thiocyanate test. Made by placing 5 gm. of soil and 10 cc. of 95 per 
cent ethyl alcohol containing 4 per cent of potassium thiocyanate in a 20 by 150-mm. test 
tube (1). Tube stoppered, shaken 30 seconds and centrifuged 1 minute to secure a clear 
solution for comparison. 

5. Comber potassium salicylate test. Same as the previous test except that a water solution 
containing 5 per cent of potassium salicylate was used in place of the alcoholic solution of 
potassium thiocyanate (2). 

6. “Richorpoor.” A modification of the Comber potassium thiocyanate test, a different 
solvent being used. Made as in no. 4, with the Richorpoor solution in place of the alcoholic 
solution of potassium thiocyanate. ; 

7. “The Iowa Test.” Developed by Emerson (4), also a modification of the Comber 
potassium thiocyanate test, a different solvent being used. Distinctive in that it includes a 
saturated solution of neutral ammonium molybdate in ether which is used when moist soils 
are being tested. 


The LaMotte indicator field set, as recommended by Wherry (11) was tried 
in connection with this study, but with most soils too much time was required to 
secure a clear soil extract. This was considered very objectionable since 
rapidity is one of the essentials of a field test; consequently the results were 
not included. 


1 The authors wish to thank Dr. P. E. Brown for helpful suggestions in regard to the 
preparation of the manuscript. 
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78 HORACE J. HARPER AND H. G. M. JACOBSON 


The method of expressing acidity as recommended by Truog (10) has been 
followed. In case of “Soiltex’”’ which also differentiates between neutral and 
basic (alkaline) soils, the nomenclature as given on the Soiltex reaction chart 
has been used. 

The results of the various tests were all made comparable by calling the 
colors produced by the different tests on soil 1, table 1, strongly acid. All! 
of the other soils were classified-according to the amount of color which devel- 
oped when each of the various tests was used. The data are given in table 1. 

A fairly good agreement was secured with all of the tests except in the case 
of the sandy soils and the acid peats. Soil 5, which is a raw acid peat, would 
not mix with the Soiltex solution and the acidity could not be determined. 
Even after the peat had been moistened for several days the test could not be 
used. Where clear solutions could be obtained, the Soiltex results agreed 
fairly well with the hydrogen-ion concentration. Very strongly acid soils 
could not be differentiated from strongly acid soils as indicated by the Soiltex 
reaction chart. In this test clear solutions are absolutely essential for correct 
results. Slight turbidity is quite difficult to prevent in clay soils, and in case 
of heavy dark colored soils, turbidity may darken the color of the solution to 
such an extent that the soil will appear much less acid than it would if the 
extract were perfectly clear. 

The results secured by the Truog test do not agree quite as well with the 
hydrogen-ion concentration of the soil suspensions as Soiltex. This is due to 
the fact that the two tests measure different kinds of acidity. The Soiltex 
test depends upon the concentration of hydrogen ions in the soil solution which 
may be considered as the intensity of the acidity. The Truog test measures 
total acidity, which in some soils may be low but of high intensity; or in other 
cases, the amount of acidity may be large and the intensity low. For this 
reason these two methods would not be expected always to give the same 
results. 

The last four methods do not measure soil acidity but measure easily replace- 
able iron. Comber (1) states, “The color cannot be used as a comparative 
measure of the lime requirement of different soils; for only iron is identified 
in this test in a mixture of iron and aluminum which will vary from one soil 
to another.” Carr (3) has attempted to make the method quantitative by 
titrating the alcoholic potassium thiocyanate extract with standard sodium 
hydroxide, since both aluminum and ferric hydroxide are completely precipi- 
tated when the pH value of the solution is raised above 5.5. This procedure 
could not be used in the field. 

A study of table 1 indicates that the amount of replaceable iron has a rela- 
tion to soil acidity; and in loams, silt loams and heavier soils, the results secured 
by tests measuring replaceable iron compare quite favorably with the hydrogen- 
ion concentration of the soil suspensions. In the case of sandy soils the re- 
sults were low. In case of soil 33 the results were much too high as compared 
with the other methods. A further study is being made on this soil. 
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The Comber potassium salicylate test required much more time than the 
other tests measuring replaceable iron, because soil colloids settle more slowly 
in water than in organic solutions. Potassium salicylate cannot be used in 
other solvents such as acetone which would hasten the rate of settling of the 
soil because ferric salicylate does not produce nearly as much color in organic 
solvents as in water. 

The Comber potassium thiocyanate and Richorpoor tests gave about the 
same results. The soils used in this study settled more slowly in these solu- 
tions than in the Iowa test solution no. 2, and it was also found that the Iowa 
test was more sensitive than the Comber and Richorpoor tests giving a light 
red color in slightly acid soils, a scarlet color in medium acid soils and a dark 
red color in strongly acid soils. 

Comber (1) has noted that the use of an ether-alcohol mixture increased the 
sensitivity of the potassium thiocyanate test. An acetone solution of potas- 
sium thiocyanate dissolves more iron from a soil than the same amount of 
potassium thiocyanate in either methyl or ethyl alcohol. The addition of 
ether to the acetone solution of potassium thiocyanate causes a further increase 
in the amount of iron dissolved. Carr (3) has shown that the acidity of the 
alcoholic potassium thiocyanate solution was an important factor in the amount 
of iron extracted from a soil. His results were confirmed in the case of methyl 
and ethyl alcohol, but it was found that acidity was not important in the case 
of acetone solutions. When 0.1 cc. of glacial acetic acid and 10 cc. of an alco- 
holic solution of potassium thiocyanate were added to 5 gm. of a slightly acid 
soil and shaken, a dark red color was produced. Only a light pink color was 
secured when the acid was not added. When the same amount of acetic acid 
was added to 10 cc. of acetone containing 1 per cent of potassium thiocyanate, 
and shaken with 5 gm. of the same soil, no increase in color was produced over 
that of a solution of potassium thiocyanate in acetone containing no acid. 


EFFECT OF MOISTURE ON ACIDITY TESTS 


An accurate field test for soil acidity should give the same results on either 
moist or dry soils. In the previous experiment only dry soils were used. In 
this experiment both moist and dry soils were studied under the various 
methods as given in table 1. 

Emerson (4) has recommended the addition of a saturated solution of neu- 
tral ammonium molybdate in ether to moist soils before adding the solution 
containing the potassium thiocyanate. In order to determine how much the 
different tests were affected by moisture, 12 acid soils and 2 acid peats were 
selected. Twenty cubic centimeters of distilled water were slowly added to 
100 gm. of dry soil. The mass was thoroughly mixed, covered and allowed to 
stand over night. The water content of the peats was made up in a similar 
manner to 100 and 200 per cent, respectively. Equivalent amounts of soil 
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*Nos. I and II solutions used on moist soil 


fst., 
be read. 


; no. II alone on dry soil. 
strong; med., medium; sl., slight; v.st. very strong; v. v.st., extremely strong; n.a., not acid; d.t.r., difficult to read; c.n.b.r., could not 
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were weighed out in all cases, allowance being made for moisture. One-half 
as much peat by weight was used. The results are given in table 2. 

Soiltex, the Truog test and the Comber potassium salicylate test gave the 
same results on the moist and dry soils. The Comber potassium thiocyanate 
test and Richorpoor gave the same results on some samples, but on others 
lighter colored solutions were secured with the moist soils. The Iowa test gave 
the opposite results. The moist soil often yielded much darker colored solu- 
tions than the dry soil treated with solution II alone. It was also found that 
when 2 cc. of solution I was added to a dry soil and shaken previous to the 
addition of the no. II solution, darker colors were secured than when 2 cc. 
of acetone was added in place of the no. I solution. However, when 2 cc. of 


TABLE 3 


Effect of drying soils on results secured with Richorpoor and Iowa tests 


RICHORPOOR TEST IOWA TEST 
E SOIL TYPE z 8 ne : 8 — — Es es 
ofl S| 2 [38/25/22] 58 | $2 lees 
7” me) a) a (2 | a" ae) ae |e" a 
per 
cent 
1 | Carringtonloam............/26.0)5.2 | sl.* | jmed. |st. |med. |med st st 
2 | Carrington loam............]14.5)5.25} sl med. jst. jst. jst st. jst 
3 | Carrington loam............/16.2/5.30) sl. med. |st. jst st. st. [st 
4 | Carrington loam............,20.0/5.30) sl med. |st. jst. |st. st. st 
5 | Carrington loam............/20.0/5.45) sl. med. |st. jst. |med.+ |st.  |st. 
6 | Carrington sandy loam...... 12 .6|5.40} neut. |sl. {med. |med. |med. _|med. |med. 
7 | Cimton silt loam’......5....- 35.0|5.75| n.a. sl.‘ {med. |n.a._ |n.a. med. jmed. 


*s]., slight; st., strong; med., medium; n.a., not acid; neut., neutral. 


ether containing no ammonium molybdate was added to a soil in place of solu- 
tion I, equally dark colors were secured which would indicate that the addition 
of ether to the acetone solution containing potassium thiocyanate, results 
in a mixture which is capable of dissolving more iron from an acid soil than 
the acetone solution alone. 

A further test was made on 7 field soils containing from 12.6 to 35 per cent of 
moisture. Each soil was divided, into three parts; one portion was left moist, 
another was air-dried at 250°C. for 3 hours and the third was dried at 85°C. 
for three hours. The Truog test and the Soiltex gave the same results on all 
of the samples whether dry or moist. The Iowa test and Richorpoor were 


-then tried. Two cubic centimeters of solution I and 8 cc. of solution II of the 


Iowa test were compared with 2 cc. of ether and 8 cc. of solution II on the moist 
soils. Only solution II was used on the dry soils. The results are given in 
table 3. 
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The Richorpoor test gave three different degrees of acidity on the soils used 
in table 3, depending upon the condition of the soil. There was practically 
no difference in the results secured with the Iowa test when solution I was 
used previous to solution II, or when ether was used before solution II. These 
results would indicate that in most cases phosphorus is not an inhibiting factor 
as suggested by Emerson (4). When the moisture content of a soil is below 20 
per cent, solution II of the Iowa test gives practically the same results on 
moist soil as with dry soil, if an equivalent amount of soil is tested. Five 
grams of dry soil poured into a test tube occupies only about one-half as much 
space as 6 gm. of soil containing 20 per cent moisture. For this reason, an 
error may be made‘in field tests due to the fact that about the same volume 
of soil is used for a test whether it is wet ordry. This difficulty may be easily 
overcome by adding the test solution first and then the soil until a definite 
volume of suspension is secured. 

It was found also that the fineness of the soil influences the tests measuring 
replaceable iron. Acid soils which are pulverized to pass a 60-mesh sieve give 
a darker color than the same soils ground to pass a 20-mesh sieve. This is due 
in part to the greater amount of surface exposed in case of the finely divided 
soils and also to the short period of agitation. 


EFFECT OF VARIOUS ORGANIC SOLVENTS ON COLOR OF FERRIC THIOCYANATE 
AND AMOUNT OF IRON EXTRACTED FROM SOIL WITH VARIOUS SOLUTIONS 
CONTAINING 1 PER. CENT OF POTASSIUM THIOCYANATE. 


The color produced by ferric thiocyanate in solution is due, according to 
Prescott and Johnson (7), to the undissociated molecules. Natanson (6) found 
that the addition of ether to an acid solution containing a small amount of 
ferric thiocyanate caused a marked increase in color which appeared in the 
ether layer after the solutions were vigorously shaken. Marriott and Wolf 
(5) found that the color produced by ferric thiocyanate in an ether solution was 
not stable enough for quantitative analysis, and suggested the use of acetone 
which also increased the amount of color by decreasing the dissociation, pro- 
duced colors which were stable when exposed to light and possessed another 
advantage of being miscible with water. 

In this investigation, when 0.007 mgm. of iron, as ferric chloride, was added 
to 10 cc. of various organic solvents containing 1 per cent of potassium thiocy- 
anate, it was found that different colors were produced similar to those secured 
when an acid soil is extracted. The colors produced by extracting an acid 
soil with various organic solvents containing 1 per cent of potassium thiocyan- 
ate are given in table 4. 

When water was added to these various organic solutions, the color began to 
fade and soon disappeared except in the case of ethyl acetate which is only 
slightly soluble in water. It was also found that more iron was dissolved by 
some of the solutions than others, containing the same amounts of potassium 
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thiocyanate. This was tested by shaking 5 gm. of soil and an equal volume of 
each of the various potassium thiocyanate solutions and centrifuging to secure 
a clear extract which was evaporated and then taken up with water containing 
a little hydrochloric acid. The ethyl acetate solution replaced more iron than 
any of the others used. The acetone solution was second in the amount of 
iron dissolved. Methyl and ethyl alcohol solutions were about equal, extract- 
ing much less iron than the acetone solution. An aqueous solution of potas- 
sium thiocyanate did not extract enough iron to give a color. 

A neutral ethyl acetate solution containing 1 per cent of potassium thiocyan- 
ate will dissolve some iron from neutral and basic soils. It is evident that 
such a solution is not as desirable as an acetone solution of potassium thiocy- 
anate which settles just as rapidly and does not dissolve iron from neutral and 

TABLE 4 


A study of the colors produced by extracting a soil with different organic solvents containing 
1 per cent of potassium thiocyanate 


NUMBER ORGANIC SOLVENT KCNS COLOR* COMPARISON Btn 
per cent 
Bio RRM AIM acciacotg eats 50sh ava soca:lore ey aral ee voraaie owas 1 | Scarlet red ¢ 1 
2 | Acetone. . Ad INARA ROO eT 5 | Scarlet red + 1 
3 | Methyl iealiel.. pastaieseteewlelotsn a. cisie ster dulsevaisseets 1 | Rhodanite pink— 38 
4 | 95 per cent ethyl alcohol.. 1 | Light Jasper red 13 
5 | 50 per cent acetone, 50 pet cmt ‘ethyl alcohol 1 | Nopal red 13 
6 | 50 percent acetone, 50 percent methylalcohol| 1 | Jasperred 13 
7 | 10percent acetone, 90 percent ethylalcohol..| 1 | Jasper red— 13 
8 | 10 percent acetone, 90 percent methylalcohol| 1 | Rhodanite pink 38 
DAP RSG PIO ssc oc0 0.0 10:6:6: syo'vie vir oes eisivsaeis w19; ola Nopal red— 13 
10 | 90 per cent neutral ethyl acetate, 10 per cent 
rout iY, HIRES Tes) 10) EA ener CR eer ear 1 | Spectrum red 13 


*Color Standards and Nomenclature by Ridgway (8). 
tColors selected with the assistance of A. M. O’Neal. 


basic soils. An acetone solution of potassium thiocyanate also possesses 
certain advantages over methyl or ethyl alcohol solutions because soil suspen- 
sions settle more rapidly in it, more iron is dissolved which gives a deeper color 
for comparison, and most important of all, it is less affected by moist soils. * 
Also, Emerson? has found that potassium thiocyanate was more stable in an 
acetone solution than in a solution of 95 per cent ethyl alcohol, because 
of the lower amount of water present in the acetone. Water decomposes 
potassium thiocyanate, liberating free sulfur. The rate of decomposition is 
not seriously affected by light, but depends upon the amount of water present. 
For this reason old solutions of Potassium thiocyanate made up in solvents 
containing considerable amounts of water may give inaccurate results. 


? Unpublished data. 
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CONCLUSIONS 


Several qualitative tests for soil acidity were studied with 51 soils secured 
from Wisconsin, Missouri, Illinois and Iowa. All of these tests indicated, in 
a general way, differences between strongly acid, medium acid and slightly 
acid soils. Soiltex also distinguished between neutral and basic (alkaline) 
soils. The fact that this test requires very little equipment is a desirable 
feature. The chief difficulties encountered were with peat soils and heavy 
clay soils from which extracts could not always be secured clear enough for 
comparison with the Soiltex reaction chart. 

The Truog test required more equipment than any of the others and also 
more time to make the test. This disadvantage is probably not so important 
when the accuracy of the results are considered. The same amount of each 
material is always measured for the test, which is not the case with the Comber 
potassium thiocyanate test and its two modifications, Richorpoor and the 
Towa test,as they are being used at the present time by county agents and field 
men. More accurate results would be secured with these tests if calibrated 
tubes were used into which an accurate amount of liquid is measured and then 
soil added until a definite volume of suspension is obtained. 

The Truog test and the Comber potassium salicylate test were the only 
methods which gave accurate results on very wet soils. Satisfactory results 
with Soiltex can be secured on soils which give low results with the potassium 
thiocyanate test because of the high moisture content. In the case of soils 
which contained less than 20 per cent of moisture, the Iowa test gave accurate 
results, while the Richorpoor test did not give satisfactory results except on 
dry soils. 

Different colors are produced when ferric thiocyanate is formed in various 
organic solvents. These colors are much darker than the color produced when 
the same amount of a soluble ferric salt is added to an aqueous solution of 
potassium thiocyanate. This is probably due to the fact that organic sol- 
vents, decrease the dissociation of the ferric thiocyanate molecules. 
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INTRODUCTION 


Since nitrogen is one of the most essential plant constituents, is the most 
expensive to replace in the soil and furthermore is easily lost through leaching, 
it is obvious that methods of soil management which result in the conservation 
of the residual nitrogen in the soil and in the most efficient use of the ean 
nitrogen are of great importance to agriculture. 

Such methods of soil management have received a great deal of attention 
from scientific investigators during the last half century and, although much 
valuable information has been obtained, nitrogen economy is still a most 
important problem. 


MATERIAL AND OBJECT 


The five-year-fertility rotation plots of the Ohio Agricultural Experiment 
Station are peculiarly adapted to a study of some of the factors which have a 
bearing on nitrogen economy. These plots on which experimental work was 
started in 1894 by former Director C. E. Thorne, are among the oldest and most 
carefully planned field plot tests in this country. The object in starting this 
work was to study the effects of additions of nitrogen, phosphorus and potas- 
sium fertilizers when applied alone and in combination, in different amounts 
and with different carriers, on the soil and on crop production. It is the object 
of this paper to discuss the apparent effect of these additions of nitrogen, phos- 
phorus and potassium on the nitrogen economy of the soil. 


* HISTORICAL 


Effect of fertilizer treatments on the conservation of soil nitrogen 


It is generally conceded that aside from the removal of nitrogen from the 
soil in crops, the most serious loss is that occasioned by the leaching out of 


1 Published with the approval of the Director of the Ohio Agricultural Experiment Station. 
* The author wishes to express his appreciation to Mr. J. W. Ames, chief of the department 
of chemistry, at whose suggestion and in whose laboratory the work was undertaken. 
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the nitrate nitrogen in the drainage water. Fertilizer applications have a 
tendency to check this loss. By stimulating crop production they cause a 
greater proportion of the nitrate nitrogen in the soil to be taken up in the 
increased crop, thus leaving a smaller amount to be leached out in the drainage 
water. A part of the nitrogen thus conserved by the larger crop is again 
returned to the soil in the increased crop residues. 

This effect of fertilizer treatment is well demonstrated by the data reported 
by Russell (7) in comparing two plots, one of which received ammonium salts 
alone and the other, ammonium salts plus phosphorus and potassium. 
Although the latter plot produced 67 per cent more grain and over twice 
as much straw, there was an annual saving by this plot of 16.5 pounds of nitro- 
gen through the more efficient assimilation of the nitrates produced in the 
soil. 

This point is again emphasized in Dyer’s (3) discussion of the results obtained 
in the continuous-culture wheat plots on Broadbalk Field at Rothamsted. 
Plot 5 in that work has received for 50 years a full supply of minerals without 
any nitrogen. As compared with the unmanured plot 3, it has yielded annu- 
ally a crop amounting to 2 bushels of grain and 100 pounds of straw more than 
plot 3. Notwithstanding this increased removal in crops of about 5 pounds 
per acre per annum for 50 years, the surface soil of plot 5 contains about 108 
pounds of nitrogen more than plot 3 and no diminution is indicated in the 
second and third depths. Dyer concluded: “This difference is clearly to be 
attributed to crop residue and the fact that plot 5 is now richer in nitrogen 
than plot 3 is due to storing up in stubble and root residue of a portion of the 
natural soil nitrogen, that without mineral manure to aid in its accumulation, 
would have been lost, as in the case of plot 3, in drainage.” 

Similar results were reported by Dyer (3) on a series of plots, all of which 
received the same amount of ammonium salts, but with different amounts of 
mineral fertilizers. ‘The treatments were made in the years 1852-1893. The 
results show that as the amount of mineral fertilizer applications was increased, 
crop production was increased and the nitrogen content of the soil in 1893 
was directly proportional to the amount of crop production. Dyer concluded: 
“The more completely by the supply of minerals the crops have been enabled 
to utilize the nitrogen supplies, the more have they accumulated in the soil; 
and conversely, the less that is utilized, the less is retained.” 


The influence of fertilizer treatment on the nitrogen balance as shown by cylinder 
and field experiments 


' The term “nitrogen balance” as used in this paper refers to the difference 
between the income and outgo of nitrogen in the soil. To determine the nitro- 
gen balance of a soil at least four factors should be known. 


a. The nitrogen content of the soil at the beginning of the experiment. 
6. The amount of nitrogen added in fertilizers, etc. 


EFFECTS OF NITROGEN, PHOSPHORUS AND POTASSIUM 


c. The amount removed in the crops. 
d, The amount of nitrogen in the soil at the end of the experiment. 


A number of cylinder experiments have been conducted to study the nitro- 
gen economy of different soils. One of the most extensive and carefully planned 
was reported by Lipman and Blair (4). Their data show the influence of 
phosphorus and potassium in conserving the nitrogen supply of the soil. 
A recalculation of their data shows that, in spite of the fact that the crops 
harvested from the cylinders given this treatment carried away an average of 
85 pounds of nitrogen more than the untreated cylinders, the nitrogen balance 
showed a greater loss of soil nitrogen from the untreated cylinders amounting 
to 57 pounds. Cylinders receiving lime lost about half as much nitrogen as 
the unlimed, while those receiving a green manure crop in addition to lime lost 
about half as much as the limed cylinders. 

Taking the average of the cylinders receiving each treatment, the order of 
the fertilizer treatments with respect to their efficiency in conserving the nitro- 
gen supply of the soil was as follows: (1) P, K, 1N; (2) P, K; (3) Check: 
(4) P, K, 2N. 

Lipman and Blair (5) also carried out a cylinder experiment to test the rela- 
tive value of nitrogen in the forms of nitrate of soda, green manure crops and 
stable manure. In this experiment also the addition of the minerals, phos- 
phorus and potassium had a conserving action on the nitrogen supply of the 
soil, although more nitrogen was removed in the crops on the plot receiving this 
treatment than on the check plot. 

A cylinder test to compare the relative nitrogen economy of four Tennessee 
soil types was conducted by Mooers (6). He concluded from this test that: 
“There appears to be throughout the experiments a direct relationship between 
the size of the crop and the quantity of nitrogen conserved, so that, with other 
factors constant, the greater the crop, the greater will be the conservation.” 

A number of field experiments bearing on the subject of nitrogen economy 
have been conducted. Such an experiment covering a period of 50 years was 
reported by Dyer (3) in a study of the nitrogen economy of certain variously 
fertilized plots. The nitrogen balance drawn up for these plots shows that 
phosphorus and potash have had a considerable influence in conserving both 
the nitrogen of the soil and that applied in fertilizers. 

A recalculation of the data reported by Blair and McLean (2) shows that the 
order of the fertilizer treatments with respect to nitrogen conservation in their 
experiment was: (1) P, K, N; (2) P, K; (3) P, N, (4) K, N. 


EXPERIMENTAL 


Filan of fertilization 


The general plan of fertilization which has been followed in the five-year- 
fertility rotation work at the Ohio Agricultural Experiment Station is given 
in table 1. 
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During the first five years the quantities of the elements applied to plots 
21, 23 and 24 were the same as on plot 11, and the quantities of nitrogen and 
potassium on plot 30 were slightly smaller. 


TABLE 1 
Plan of fertilizing of 5-year rotation 
Plots 0.1 acre; fertilizing materials in pounds per acre 


ON CORN ON OATS ON WHEAT 
oe Acid | Muriate Acid | Muriatej} Nitrate | Acid | Muriate Nitrate 
NUMBER ate! Nitrate i uriatej| Ni ci i Dried 
. f hos- f f hos- f sf 
= outa of soda phate potas a bw pote blood hb 
pounds | pounds | pounds | pounds | pounds | pounds | pounds | pounds | pounds | pounds 

1 

2 80 80 160 

3 80 80 100 

4 

5 160 160 50 120 

6 80 160 80 160 160 50 120 

7 

8 80 80 80 80 160 100 

9 80 160 80 160 100 50 120 
10 
il 80 80 160 80 80 160 160 100 50 120 
12 80 80 240 80 80 240 160 100 50 200 
13 
14 80 80 160 160 100 50 120 
15 160 100 50 120 
16 
17 160 80 80 160 80 80 160 100 25 60 


18 | Barnyard manure, 8 tons on corn and 8 tons on wheat 


20 | Barnyard manure, 4 tons, on corn and 4 tons on wheat 
21 | Same elements as 17, but nitrogen in oilmeal 


23 | Same elements as 17, but nitrogen in dried blood 
24 | Same elements as 17, but nitrogen in sulfate of ammonia 


26 | Same elements as 11, but phosphorus in bonemeal 
27 | Same elements as 17, but nitrogen in nitrate of lime 


29 | Same elements as 11, but phosphorus in basic slag 
30 | Same elements as 17, but nitrogen in tankage 


The block of 3075 acre plots known as section D was selected for the 
study, since this section received lime on the west half only, and since it has 
the most uniform topography. 

It was not until the beginning of the third complete rotation that lime was 
applied on section D. Caustic lime was applied at the rate of 1000 pounds 
per acre on the west halves of all the plots in the fall of 1903 previous to the 
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corn crop of 1904. In 1909 ground limestone was applied at the rate of 1 
ton and in 1914 at the rate of a little over 2} tons and in 1919 at the rate of 
about 2 tons per acre. 


Data 


When the experiment was started in 1894 samples were taken from each plot. 
Some of these either have been used up in analytical work or were lost, only 
17 of them remaining, These remaining samples were reanalyzed at this time 
so that the analytical work on both sets of samples might be strictly compar- 
able. The results of the analyses, together with the number of the plot from 
which they were taken, are given in table 2. 


TABLE 2 
Nitrogen content of the soil—1894 


PLOT NITROGEN 


per cent 
i 0.1040 
3 0.0980 
A 0.1000 
6 0.1055 
7 0.1045 
8 0.1120 
10 0.0980 
11 0.1080 
16 0.1115 
18 0.1035 
20 0.1000 
22 0.0940 
23 0.1145 
24 0.1045 
25 0.1130 
26 0.1205 
28 0.1005 


PRIINO ss oles tee sa lone sete essen 0.1055 


These samples previously had been analyzed and the data reported (1). 
Where the results obtained in 1921 differed from those previously reported, 
they were checked by another chemist. 

The methods of sampling and preparation of samples were somewhat uncer- 
tain at that early date and since the nitrogen content of the soil as shown by 
the data varies quite widely from plot to plot, it has been thought advisable in 
calculating the loss of nitrogen to use the figure representing the average of 
all the plots. . 

A set of samples taken from these same plots in 1911 also was available. 
Some of these had been analyzed and the data reported (1). 
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As in the case of the 1894 samples, when the results of analysis in 1921 dif- 
fered from those previously obtained, the determinations were checked by 
another chemist. The data are given in table 3. 

Samples of soil were secured in the fall of 1921. The plots were then in 
young clover following the wheat crop. A 1-inch sampling tube was used, 
samples being taken to a depth of 7 inches. Forty borings were made on each 


TABLE 3 
Nitrogen content of soil 1911 and 1921 


PER CENT OF NITROGEN N{TROGEN—-POUNDS PER ACRE 
staivinidinaitan Unlined | Limed Unlimed Limed 
1911 1921 1911 1921 1911 | 1921 1911 1921 

1 0.0905 | 0.0782 | 0.0915 | 0.0813 | 1,810] 1,564| 1,8301| 1,626 
2 0.0885 | 0.0781 | 0.0920 | 0.0810 1,770 1,562 1,840 1,620 
3 0.0860 | 0.0746 | 0.0920 | 0.0746 1,720 1,492 1,840 1,492 
4 0.0855 | 0.0746 | 0.0840 | 0.0746 1,710 1,492 1,680 1,528 
5 0.0845 | 0.0752 0.0781 1,690 1,504 1,562 
6 0.0797 0.0831 1,594 1,662 
7 0.0810 | 0.0710 ; 0.0895 | 0.0776 1,620 1,420 1,790 1 S52 
8 0.0870 | 0.0774 | 0.1030 | 0.0855 | 1,740| 1,548! 2,060! 1,710 
9 0.0740 0.0801 1,480 1,602 
10 0.0640 | 0.0674 | 0.0785 | 0.0712 1,280 1,348 1,570 1,424 
11 0.0880 | 0.0822 | 0.1010 | 0.0889 1,760 1,644 2,020 1,778 
13 0.0995 | 0.0822 | 0.0975 | 0.0821 1,910 1,644 1,950 1,642 
16 0.0915 | 0.0796 | 0.0840 | 0.0766 1,830 1,592 1,680 1,532 
17 0.0965 | 0.0896 | 0.0980 | 0.0921 | 1,930! 1,792! 1,960] 1,842 
18 0.1170 | 0.1040 | 0.1160 | 0.1021 2,340 2,080 2,320 2,042 
19 0.0930 | 0.0860 | 0.0825 | 0.0835 1,860 1,720 1,650 1,670 
20 0.1030 | 0.0974 | 0.1010 | 0.0955 2,060 1,948 2,020 1,910 
21 0.0945 | 0.0891 | 0.0965 | 0.0875 1,890 1,782 1,930 1,750 
22 0.0890 | 0.0811 | 0.0775 | 0.0723 1,780 1,622 1,550 1,446 
24 0.0920 | 0.0860 | 0.0970 | 0.0868 1,840 1,720 1,940 1,736 
25 0.0890 | 0.0816 | 0.0990 | 0.0898 1,780 1,632 1,980 1,796 
26 0.0855 | 0.0802 | 0.0890 | 0.0786 1,710 1,604 | 1,780 WY £7 
27 0.0930 | 0.0836 | 0.1000 | 0.0853 1,860 1,672 2,000 1,706 
28 0.0795 | 0.0764 | 0.0845 | 0.0715 1,590 1,528 1,690 1,430 
29 0.0885 | 0.0874 | 0.0960 | 0.0844 1,770 1,784 1,920 1,688 
30 0.0910 | 0.0810 | 0.1050 | 0.0890 1,820 1,620 2,100 1,780 
Average... .| 0.0897 | 0.0814 | 0.0937 | 0.0828 | 1,794 | 1,629 1,873 1,658 


of the limed and unlimed plots. The samples were placed in trays as soon as 
they were brought in from the field, and dried in a chamber designed espe- 
cially for this purpose. When thoroughly dried, the soil was ground and 
passed through a 0.5-mm. sieve. The samples were then analyzed for total 
nitrogen, according to a modification of the Gunning-Hibbard method. The 
results are given in table 3. 
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TABLE 4 
Nitrogen added in fertilizer 1894-1921 
PLOT POUNDS PER ACRE PLOT POUNDS PER ACRE 
1 0 17 266 
2 0 18 768 
3 0 19 0 
4 0 20 384 
5 456 21 266 
6 456 22 0 
7 0 23 266 
8 0 24 266 
9 456 25 0 
10 0 26 456 
11 456 28 0 
13 0 29 456 
16 0 30 266 
TABLE 5 
Total crop production, 1894-1921 

PLOT UNLIMED LIMED 
pounds per acre pounds per acre 

1 46,729 66, 328 

2 62,589 86,017 

3 41,454 65,329 

4 36,983 60,350 

5 45,981 70,040 

6 76,970 96,467 

7 38,601 59, 807 

8 73,425 99,251 

9 53,961 79,992 

10 39,972 63,624 

11 88, 343 121,320 

i3 44,714 69, 534 

16 41,375 65,713 

17 91,641 125,003 

18 100, 407 128,180 

19 47, 836 74, 834 

20 78,711 101,949 

21 _ 90,043 112,693 

22 42,693 62,421 

23 79,709 108 , 204 

24 73,776 143,553 

25 47,071 66,494 

26 83,209 102,872 

28 34,003 55,828 

29 83,215 102,703 

30 78,091 103,497 


VINCENT H. MORRIS 


Amount of nitrogen added in fertilizer 


The amount of nitrogen added to the plots in fertilizer is given in table 4. 
These figures are not absolute, in that the nitrogen has not been determined by 
analysis before application in every case. Standard grades of fertilizers have 
been used, however, and in many cases the claims of the fertilizer companies 
have been checked by analysis in the laboratory. 


Total crop production 


The total crop production for each limed and unlimed plot is given in 
table 5. 


DISCUSSION 


It at once becomes evident that there has been a marked loss of nitrogen 
from the soil of these plots. The nitrogen supply of 2110 pounds per acre in 
1894 diminished to an average of 1644 pounds in 1921, or a loss of about 22 


TABLE 6 
Comparative average annual losses of nitrogen and crop production of limed and unlimed plots 
expressed in pounds per acre 


1894-1911 1911-1921 
Amount of Amount of 
* Total A Total 

nitrogen lest | production | Tiogenlest | production 
Unlimed} Limed |Unlimed} Limed |Unlimed| Limed |Unlimed} Limed 
pounds | pounds | pounds | pounds | pounds | pounds | pounds | pounds 
Average of all plots........... 17.5 | 13.1 | 2,308] 2,763! 15.0 | 19.5 | 1,893) 3,388 
Average of all checks..........| 22.2 | 21.8 | 1,589) 1,991] 14.2 | 15.9 | 1,217) 2,603 
Average of all fertilized plots....| 14.4 | 7.2 | 2,757] 3,245) 15.6 | 22.6 | 2,315) 3,878 


per cent. Figures showing the average annual losses of nitrogen and the 
average total crop production for the periods 1894-1911 and 1911-1921 are 
given in table 6. 

It is interesting to note that in the period from 1911 to 1921, the tendency 
has been for the loss of nitrogen from the unlimed plots to be lessened, while 
the loss from the limed ends has apparently been accelerated. 

Whether this increased loss of nitrogen from the limed plots is due to the 
lime stimulating the biological processes, resulting in the breakdown of the 
organic nitrogen into available nitrogenous compounds which are taken up by 
and carried away in the larger crops produced on these plots, is not known, 
since only a few of the crops have been analyzed. The data that are available 
however, tend to support this view. Also it will be noted that there is a 
decided increase in the crop production on the limed plots during the period 
1911-1921, while on the other hand the tendency has been for the crop produc- 
tion to fall off slightly on the unlimed plots. 
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Conservation of soil nitrogen through increased yields 


The data which bear on the effect of fertilizer treatments as conservers of 
the soil nitrogen through the more efficient utilization of the available nitrogen 
are summarized in table 7. 

During the progress of the work here reported, a statistical study was made 
of the data on file, giving analyses of the crops grown on the different plots of 
the five-year-fertility rotation. The analyses were made on all the crops but 
for a few years only. After a careful study of these data an attempt was made 
to calculate the amount of nitrogen removed from each of the plots during the 
years 1894-1921. While the total amounts arrived at by this method are 
undoubtedly much too high, there is reason to believe that for comparison of 


TABLE 7 
Comparison of fertilized plots with regard to crop production and nitrogen conservation 
Data expressed in pounds per acre 


NITROGEN REMOVED IN CROPS 


TOTAL CROP PRODUCTION NITROGEN LOST FROM SOIL (CALCULATED) 


Limed Unlimed Limed Unlimed Limed Unlimed 


pounds pounds pounds pounds pounds pounds 


Average 64,493 41,998 816 553 
check 
86,017 62,589 1,060 788 
65,329 41,454 834 543 
70,040 45,981 885 600 
99,251 75,425 15252 930 
96, 467 76,970 1,157 965 
79,967 53,961 986 690 

121,320 88, 343 1,425 1,047 

125,003 91,641 1,447 1,086 

128,180 100,407 1,550 1,250 

101,949 78,711 1,260 998 


une plot with another, they come somewhat near the truth. The figures for 
the most important plots are given with the other data in table 7. 

The averages of the total crop production of the limed and unlimed check 
plots show that the limed plots produced 36 per cent more than the unlimed 
plots, yet the limed plots lost only 2 per cent more nitrogen from the soil. 
Chemical analysis of the crops grown on the limed and unlimed ends of these 
check plots has shown very little difference in the percentage of nitrogen 
in the crops; the nitrogen content of the crops grown on the limed side is slightly 
higher, however. 

Even if it is assumed that the amount of nitrogen removed in the crops from 
plots 2, 3 and 5 was the same for each of the plots, the order of nitrogen con- 
servation is identical with the order of crop production, and this is in spite of 
the fact that plot 5 has received in fertilizer and lost 456 pounds of nitrogen in 
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addition to the loss of 548 pounds from the store of nitrogen in the soil, making 
a total loss of 1004 pounds. 

Considering the plots which received fertilizer treatments containing two 
elements, plot 8 which receives phosphorus and potassium gave a greater crop 
production on the limed end than plots 6 and 9 which receive phosphorus and 
potassium, respectively, plus nitrogen. 

In spite of the fact that they did not produce as large crops as plot 8, plots 
6 and 9 lost more of their original supply of organic nitrogen and lost, in addi- 
tion, the 456 pounds supplied to them in fertilizer. 

In the same manner, plot 17, although raising larger crops and receiving only 
half as much nitrogen, has maintained the nitrogen supply of the soil at a higher 
level than plot 11. The application of 8 tons of manure on plot 18 has resulted 


TABLE 8 
Order of fertilizer treatments with respect to their relative efficiency in conserving nitrogen 
ORDER OF TREATMENTS WITH RESPECT TO ABILITY TO 
a _ “~~ 
Plot Fertilizer treatment Plot Fertilizer treatment 
18 Manure, 8 tons 17 2°) Kin 
20 Manure, 4 tons 8 Pk 
17 2P,5,1N 18 Manure, 8 tons 
11 PK 2N 2 
8 aS 20 Manure, 4 tons 
P,N 11 1,2, K,2N 
P 6 P,N 
K,N 
N 
K 


in an increased crop production as compared with 4 tons on plot 20, and has 
also better maintained the nitrogen supply of the soil. 

Another striking comparison brought out in this table is that of the limed 
and unlimed ends of all the plots. Disregarding the fact that the calculated 
removal of nitrogen in the crops of the unlimed plots is only about 80 per cent 
of that of the limed plots, the data show that with the exception of the manured 
plots 18 and 20, and plot 3 receiving potash, the unlimed ends of these plots 
have lost from 50 to 130 pounds of nitrogen per acre more than the limed plots. 

The relative efficiency of the different fertilizer treatments in conserving 
nitrogen is shown in table 8. 

In figuring the relative efficiency in conserving both the original supply in 
the soil and that added in fertilizer, use was made of the calculations of the 
nitrogen removed in crops. 
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SUMMARY 


1. Cropping a Wooster silt loam soil to a 5-year rotation of corn, oats, wheat, 
clover and timothy for 30 years has resulted in an average loss of 22 per cent 
of the original supply of soil nitrogen regardless of fertilizer treatment. 

2. The limed ends of the plots have lost, on the average, nearly as much as 
the unlimed ends. 

3. The tendency during the last 10 years has been for the limed plots to lose 
nitrogen faster than the unlimed plots. 

4, Fertilizer treatments have resulted in a conservation of nitrogen directly 
proportional to the amount of increase in crop production due to the fertilizer 


treatment. 
5. Liming has increased the amount of nitrogen conserved by most fertiiizer 


treatments. 
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In connection with some work at this station, on soil profiles, the effects of d 
the colloidal particles in the soil were strikingly shown by the greater activity P 
of certain horizons when compared to other horizons of similar mechanical 
composition. Studies have already been conducted upon the isolated colloids, 
from which it is assumed, one can ascertain the behavior of colloids in soils. 

But the properties of the colloidal mass when isolated and when disseminated 
throughout the soil may not be the same, owing to possible changes in the 
colloids during the process of removal. Since the soil particles of larger dimen- 
sions are probably less effected by the technique of colloidal removal than the 
colloids themselves, it was felt that a comparative study of a normal soil and : 
the same soil without its colloids would be of interest. 


To obtain suggestions with respect to this question two acid soils were chosen for a pre- 
liminary investigation. One of these soils was a surface sample of sandy loam with a rather 
high content of organic matter, while the other soil was of similar texture but almost lacking 
in organic material. Duplicate samples of each soil were suspended in water by shaking in a j 
mechanical shaker for four hours, using a proportion of soil to water of 1 to 3. After washing 
down the sides of the containers, sedimentation was allowed to proceed for a period of forty- 
eight hours. At the expiration of this period the supernatant liquid was carefully siphoned 
off, and one sample of this liquid centrifuged for one hour. This was found sufficient to 
throw down the silt and clay, leaving the colloidal material in suspension. The solutions 
were poured off and the silt and clay returned to the mass of orignal soil. The liquid from ; 
the duplicate sample from each soil was placed in a Chamberland filter and the liquid passing i 
through was discarded. The suspended material which coated the filter cone was removed i 
and returned to the soil mass. This process was repeated six times. Thus the removal of the 
greater portion of the colloidal material from one sample and the retention of the same by 
the duplicate was accomplished, yet each were subjected to the same leaching, washing, and 
the same amount of shaking. Samples, of the suspended material after centrifuging stood 
for 15 days without sedimentaton taking place. Thus, while an ultra microscope was not 
available, it was believed that only colloidal matter had been removed. After drying in the 
air to a point just below optimum moisture, the samples were screened, mixed thoroughly 
and stored in air tight containers. 


Measurements of (a) the original hydrogen-ion concentration and the 
amount of lime water necessary to bring about neutralization, (b) the heat of 
wetting, and (c) the amount of water held free and unfree were made. 
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HYDROGEN-ION CONCENTRATION 


Ten-gram samples of soil were placed in shaker bottles and 50 cc. of neutral 
distilled water added to one, another received 47.5 cc. of water and 2.5 cc. of 
0.04 N calcium hydroxide solution, a third received 45 cc. of water with 5 cc. 
of calcium hydroxide solution, and so on, to that receiving 37.5 cc. of neutral 
distilled water and 12.5 cc. of limewater. These were shaken, mechanically, 
for four hours and allowed to stand twenty-four hours, after which pH readings 
were made electrometrically. The results are presented graphically in figures 
1 and 2. 


Normal Soil 
Soil minus colloids 


Fic. 1. Trrration CurRvES witH LIMEWATER ON THE Sort CONTAINING AN ABUNDANT 
SuppLty oF ORGANIC MATTER 

Fic. 2. Trrration CURVES WITH LIMEWATER ON THE Soit ALMOST FREE FROM ORGANIC 
MATTER 


In both soils, the removal of colloids has caused the pH of the original soil 
to rise, showing less intense acidity in each case. The amount of limewater 
necessary to bring each soil to the neutral point was less in the case of the soils 
without colloids. There was less difference in this regard in the case of the 
sandy loam without organic matter, in which instance, there was but 0.3 cc. 
difference in the amounts of limewater necessary. The influence of organic 
colloids seems to be more intense, from the standpoint of buffering and in their 


l 
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effect of the original pH of the soil. Bradfield (1) has shown that soil colloids 
are acid in nature, so that their removal should show somewhat definite changes 
in pH values and in the response to liming. 


HEAT OF WETTING 


Samples of about equal weight were measured out and dried in an oven at 
105°C. for about thirty-six hours. After cooling in a desiccator the exact 
weight of soil was determined, and a thermometer graduated to tenths of one 
degree inserted into the container in such a way as to cover the bulb with soil. 
A calorimeter consisting of a thermos bottle of one quart capacity, fitted with 
a thermometer similar to the one above, and a stirring rod was used. Into it 
100 cc. of pure distilled water was placed, and its temperature accurately read. 
When the temperature of the soil and water was the same, the soil was quickly 
emptied into the calorimeter and after stirring to wet the entire mass, the 


TABLE 1 
Heat evolved by 25 gm. of oven-dry soil on wetting 
(Specific heat of soil = 0.2100) 


SOIL AVERAGE OF 2 TRIALS 


calories 


Sandy loam with high organic content: 


PAM 6 treo Eis Ce iar i a cise Risiwia nw bs ease b Wiel de naeaioeren’S 103.87 

DUPRE OC GIB ciate Paid wis lors ais dd ain'e'sare ware croc aso aa euler aetee s 94.15 
Sandy loam with low organic content: 

1 oy 2) EST LSA A 8 PR 32.18 

WW IUHONE CONOMIB $s o occ ds acre ales Fee wa cake OSU NEUE eee eee 28.26 


temperature was read. Results have been reduced to the basis of the calories 
of heat evolved by 25 gm. of oven dry soil and are reported in table 1. 

There is a lowering in the quantity of heat set free from soils when the 
colloidal influence has been removed, but the difference is not as striking as 
might at first be expected. The attraction of the surfaces for water is prob- 
ably the same, whether such surfaces be on a large or a small particle of soil, 
but the total surface is lowered by the removal of the finer particles. There 
may also be a difference in activity of surfaces, in which case the colloidal 
surfaces would be the most active, and their removal should be factor of impor- 
tance in the water relationships of soils as shown by these measurements. 
Further investigation seems necessary in this respect. 


WATER RELATIONSHIPS 


The dilatometer method in use in this laboratory was employed in this work 
and freezings made at temperatures of 1.5°C. and 4.0°C. below zero. Accord- 
ing to Bouyoucos (2) the water which freezes at the first temperature is called 
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free water, while that which does not freeze at this point is called unfree. The 
latter type of moisture is again divided on the basis of the results from freezing 
at 4.0° below zero, into capillary adsorbed water and combined water. The 
capillary adsorbed.form fails to freeze at the first temperature, but does solidify 
at 4.0° below. The remainder, which cannot be frozen at all is the combined 
form. Duplicate dilatometer determinations were made, which checked 
closely, and the results reported in table 2 are consequently averages, the total 
water added being considered as 100 per cent. 

In the case of both soils the removal of colloidal material has resulted in a 
decrease in the amount of combined water held, and a corresponding increase 
in capillary adsorbed and free forms. It is not clear why the capillary adsorbed 
form should increase unless the removal of the colloidal coatings of certain 
larger particles has exposed fresh surfaces and fresh capillaries. In any event, 


TABLE 2 
Free and unfree water in soil 


UNFREE 


Capillar: . 
pee f Combined 


per cent per cent per cent 


Sandy loam with high organic content: 
PEIN Goes ties ee ke es chee weaceas 55.98 12.62 31.40 
Without colloids 58 .02 15.88 26.10 

Sandy loam with low organic content: 
Normal soil 60.52 18.78 20.70 
Without colloids 62 .86 21.18 15.96 


these results show the influence of the finer portion of the soil on the com- 
bined forms of moisture. These bodies are evidently quite active in causing 
soil moisture to become inactive. The influence on the available moisture in 
soils seems worthy of special study. 


SUMMARY 


The removal of colloids from two soils brought about a rise in the pH value 
and a decrease in the amount of limewater necessary to bring about neutrality. 
The heat of wetting was decreased. The amount of water held in the com- 
bined form was decreased and the amounts of capillary adsorbed and free 
water were increased. 
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INTRODUCTION 


One of the most interesting physical phenomena in soils is the persistent 
tendency of soils to assume a granular structure when exposed tocertain weather 
processes such as alternate drying and wetting. Natural soils of the fine- 
textured type, under normal conditions, nearly always possess this granular 
structure which is so desirable and important for the ultimate object—the 
successful growth of plants. In case the granular structure is destroyed by any 
means the soil soon recovers it upon being exposed to the above weather 
process. Even when a soil is worked to a plastic condition and becomes as 
dense and hard as a rock upon drying, it will crumble to a granular condition 
upon being subjected to alternate wetting and drying. 

While there are several other factors or agents which tend to bring about a 
granular structure in soils—for example, freezing and thawing, addition of 
organic matter and lime, action of plant roots and animals, and tillage opera- 
tions—the factor of alternate wetting and drying is probably the most 
important because it is universal and seems to be the most fundamental and 
most active. 

However, there appears to be much vague and contradictory knowledge 
concerning the manner in which the process of alternate wetting and drying 
tends to cause granulation. It is the purpose of this paper, to point out what 
appears to be the true manner, and to emphasize the important réle that 
the water plays in the process, 


PREVALENT HYPOTHESIS 


The formation of granular structure in soils as influenced by the process of 
alternate drying and wetting, is quite generally attributed to the pulling 
or contracting forces of the water films in the soil. It is claimed that as the 
moisture content of the soil is reduced by evaporation, the pulling power of the 
thinned water films is increased and they tend to bring or draw together the 
soil particles into granules, or floccules. This general idea is well expressed by 
Fippin (2), who says: 


In studying these results one is led to inquire as to the force which brings this change or 
granulation. Clearly it is the water film. As the water content of the soil is reduced the sur- 
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face tension comes into play and draws the particles together. The smaller the particles the 
more easily they will be carried by this film. If the whole film around the wet soil mass con- 
tracted uniformly and as a unit the contraction would be manifested chiefly by withdrawal 
from the walls of the vessel and one dense mass would result. As a matter of fact the 
puddled soil is not homogeneous. There are inequalities or lines of weakness and these 
should determine the location of cracks. It also suggests that neither the continued wet con- 
dition nor the continued dry condition brings about any change in structure. The contrac- 
tion of the water film is the primary force and it acts in conjunction with lines of weakness 
to bring about granulation. Anything which produced a line of weakness in the soil mass 
would determine the location of a crack. 


Along the same subject Cameron (1) says: 


The function of the film water in maintaining the soil structure is undoubtedly important 

The individual grains of soil are gathered into groups or floccules. While other 

causes may be more or less operative in particular cases, it seems very probable that the 

film water is primarily the agency holding together the grains in these floccules. The obvious 

explanation is that the film is exerting a holding power because of its surface tension. It 

follows, therefore, that anything which affects the surface tension of water should affect the 
structure of the soil, that is, the flocculation or granulation of the particles. 


In further proof of the prevalence of the film hypothesis may be quoted 
Searle (3) who says: 


The more general idea (which states facts rather than explains them) is that, as the water 
is removed, any which remains draws the clay particles together into a smaller and denser 
mass. 


Inadequacy of present hypothesis 


Upon critical examination, the actual facts not only fail to support the 
water film hypothesis as accounting for the granule structure in soils, but 
even contradict it. In the first place, it must be remembered that soil granula- 
tion signifies not only the combining of the single particles into compound 
particles or groups but also the breaking down or crumbling of dense masses 
of soil such as are found in compacted and puddled soils, subsoils, clods, etc., 
into loose and granular structure. If the water films tended to draw and 
hold the soil particles together, it logically follows that the soils would tend 
to remain in the dense condition and would not be reduced or crumble into the 
loose and granular structure. 

In the second place, experimental evidence goes to show that the existing 
granular structure of soils under field conditions is due infinitely more to the 
breaking down or crumbling process than to the combining of single particles 
by the water films. As a matter of fact the part that water films play in the 
combining of single particles into compound particles is probably insignificant 
in comparison with the part that other factors play such as the flocculating 
agents, cementing materials, cohesive forces, etc. 

In the third place, the power of water films to draw particles sini or to 
cause the contraction of large masses of soil, as water is being withdrawn, 
seems to be greatly exaggerated. Considering the large friction and adhesive- 
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cohesive forces that the particles will have to overcome in moving at the 
low moisture content at which films operate, it does not seem reasonable and 
possible that water films have the pulling power to move and draw particles 
together. And some experiments which have been performed seem to support 
this contention. For instance, if single particles of clay are suspended in water 
upon glass, and care is taken to keep them apart during suspension, it is 
found that they do not come together as the water is reduced to films. 

Probably one of the main reasons for attributing large pulling forces to 
the water films is the contraction of soils as they lose water. But examination 
shows that contraction and cracking will begin when the moisture content is 
still high and is probably not entirely reduced to films. For instance, some 
clay soils may have as high as 45 per cent of moisture when the contraction 
and cracking commences. Now it seems reasonable to assume that films 
cannot exert much pulling force until they are considerable reduced in thickness. 

These latter facts, therefore, indicate that the contraction of soils is probably 
due to some force other than the pulling of the water film. 


THE TRUE ROLE OF WATER IN SOIL GRANULATION 


From experimental studies that have been conducted as well as from logical 
reasoning it appears that water plays a leading réle in the granular structure 
of soils but in a different way, and indeed just the opposite way, from what is 
commonly believed and expressed in the foregoing quotations. Water tends 
to draw apart or separate the particles from dense formation rather than draw 
them together. If the latter were true then there would be no loose and granu- 
lar tilth of soils, but dense mass or clods. As has already been stated and as 
will be seen from plate 1, when clay soils are puddled and allowed to dry they 
become exceedingly dense and hard, and require tremendous pressure to break 
or crush them. If they are remoistened, however, and allowed to dry it is 
round that they are no longer as dense and hard as before, and require only a 
small pressure to break or crush them. If the process of drying and remoisten- 
ing is repeated a few times, they may even crumble into granules or fine loose- 
textured pieces. In some soils, this crumbling may take place with only one 
wetting. Examination of the granules or small pieces shows that their single 
individual particles are held together in a rather loose condition and can be 
crushed easily by small pressure with the fingers. 

This loosening of the particles of crumbling of the solid and dense masses of 
soil into granules or smaller pieces of loose structure, goes to prove that, on 
moistening, the water tends to loosen or separate the particles from too close 
contact and that on drying they do not come back to the original condition. 

There appear to be at least two ways in which water is able to bring about a 
loosening of the solid mass and its final crumbling into granules or smaller 
pieces. These are (a) the swelling of the soil colloids and (b) the diminution of 
the attractive and cohesive forces of the soil particles by the intervening water. 


106 GEORGE J. BOUYOUCOS 


As is generally known, soil colloids, and especially certain types, tend to expand 
or swell upon absorbing or being wet with water. When the dry dense solid 
masses of colloidal soils as described above, absorb water, they expand or swell, 
and their particles are loosened and pushed further apart, sometimes beyond 
molecular and attractive distances. When these masses of soil dry, the water 
films are not powerful enough to pull the particles together into as compact or 
dense condition as they were originally, but allow them to remain in the loose 
condition into which they were brought by the swelling. Upon further wetting 
and drying, the soil particles come further apart and they may finally crumble 
into granules or small pieces. 

The loosening, pulling apart and shattering effect of the swelling of the col- 
loids on the particles of the dry dense mass of soils is analogous to that of the 
freezing of water. The expansion that the water produces upon freezing shat- 
ters and pulls apart the soil particles and upon drying, the mass may crumble 
into granular structure. 

The swelling of the colloids tends to facilitate the formation of granular 
structure in still another way, that is, by the unequal expansion that soil may 
undergo during the absorption of water. If the soil is moistened unequally, 
and unequal expansion takes place, there will be stresses set up which will 
tend to crack or shatter the soil mass. 

The second way in which water is able to bring about a loosening of the solid 
mass and facilitate the development of crumb or granular structure, is by 
saturating the soil with an excess of water. It can be demonstrated easily 
that when a solid mass of soil is placed in an excess of water it immediately 
begins to slake or disintegrate into small floccules as shown in plate 1, figure 3. 
The process is really a mechanical dissolution somewhat similar to a chemical 
dissolution, but differing in degree. It is brought about by the attraction of 
the particles for water, and the film of water intervening or surrounding the 
particles destroying their force of cohesion or attraction for each other. When 
the mass is allowed to dry again the particles are no longer as close together as 
they were before and can easily be crushed. If the particles do not exist in an 
extremely fine state, and if too much cementing material is not present, after 
the soil mass is dried it may be left in a crumb structure or in a condition in 
which it can readily be reduced to crumb structure. 

It must be emphasized that water is able to bring about the foregoing physi- 
cal-structure in soils under conditions in which not much pressure is applied 
to press and interlock the soil particles together and thus destroy the loosening 
and crumbling effect of water. From this point of view it would seem that 
when a clay soil under field conditions has been puddled it would be better 
to plough it in order that the particles may be free of side pressure and have 
greater freedom to crumble. But even in unploughed condition, puddled 
clays tend to assume the granular or crumb structure by the process of wetting 
and drying. 
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The question now may be raised to the effect that if it is not the film of water 
that pulls the soil mass together as water is being withdrawn, what is it? The 
answer seems to be that it is the pulling forces of cohesion of the soil particles. 
The soil particles, of course, possess cohesive force, which is developed by the 
water, the degree of development depending to a great extent upon the col- 
loidal content present. As the excess of water is withdrawn the colloids which 
had swollen, shrink and the cohesiveness, together with the interlocking of the 
soil particles, keeps the whole mass intact, and the mass shrinks or contracts 
as a whole. However, if there is too much friction for the whole mass to con- 
tract uniformly, it will crack and separate at the weakest points of contact, 
or at the most convenient point, or where the greatest pressure is brought to 
bear. The finer the particles and the closer they are together the greater will 
be the cohesive force and the denser will be the condition in which the mass will 
dry. For instance when a plastic clay is moulded into a ball or suspended into 
an excess of water and then allowed to dry, in either case the dry masss will 
be as hard asarock. This hardness is due to the close packing and interlock- 
ing of the particles which are thus brought in closer range of molecular attrac- 
tion and consequently of cohesive force, and also due to the cementing of the 
colloidal gels and certain inorganic salts. But as previously stated, when 
these dry and highly dense soils are moistened their particles are pushed apart, 
their range of molecular attraction and cohesive force is thereby decreased, and 
consequently the soils do not become as dense and hard when dried again. 

No attempt has been made to discuss all the details that are involved in the 
process of granulation of soils as influenced by drying and wetting. It is 
purposed simply to show that water tends to granulate soils by its expanding 
forces rather than by its contracting forces. 


SUMMARY 


This paper presents a critique upon the réle of water films on soil granula- 
tion. The general idea that the granule formation of soils is due to the pulling 
forces of the water films as it becomes thinned, appears to be incorrect. If it 
were correct, then the soil would tend to contract as a mass and into a dense 
structure condition, and there would be no granular structure. Soil granula- 
tion signifies not only the flocking together of the single particles into larger 
or compound particles, but also the breaking down or crumbling of dense masses 
of soil such as are found in dry puddled soils and clods, into the loose and crumb 
structure. 

On the contrary, water brings about the formation of granular structure not 
by pulling the soil particles together but rather by pushing them apart, and thus 
giving rise to the crumbling of dense masses or clods into the loose and granular 
structure. 

Water is able to accomplish this in two ways: (a) by the swelling of the col- 
loids and (b) by diminishing the cohesive force of the particles as it (the water), 
comes between them and pushes them farther apart. 
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The forces of contraction are not due to the water films but to the cohesive 
force of the soil itself. Water, therefore, plays a very important part in the 
granulation of soils, but in just the opposite way from what is commonly 
believed. 
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PLATE 1 


ILLUSRATIONS SHOWING THE TENDENCY OF WATER TO CAUSE DENSE AND HARD MASSES OF 
Sort TO CRUMBLE INTO GRANULAR STRUCTURE 


Fig. 1. The ball to the extreme left is as hard as rock; upon being moistened it cracks 
and begins to crumble as shown in the balls to the right. 

Fig. 2. Block to the left is as hard as rock; upon being moistened it cracks and begins to 
crumble as shown in the next block of soil. 

Fig. 3. Ball at the center is as hard as rock; upon being placed in excess of water it slakes 
into fine granules. When these granules dry, they are in a loose condition. 
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SOME EFFECTS OF SULFUR ON CROPS AND SOILS! 


HENRY R. ADAMS 
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Considerable attention has been given recently to the use of sulfur as a 
fertilizer and its effect on the soil. In the experiments here reported the author 
tested the influence of sulfur on the germination and early growth of clover 
and alfalfa, and its effect on the acidity and solubility of the soils used. Also, 
the effect of leaching on the acidity produced by the sulfur treatment was 
investigated. 

The experiments were conducted on a Coloma medium sand and a Miami 
silt loam. The sulfur to be used was washed with distilled water until it gave 
no freezing-point depression, and then was mixed with the Coloma sand at the 
rates of 0,500, 1000, 1500, 2000, and 3000 pounds peracre, and with the Miami 
silt loam at the rates of 0, 1500, 2000 and 3000 pounds per acre. The former 
soil was made up to 10 per cent water content and the silt loam to 16 per cent. 
They were then stored in the dark, the moisture content being kept uniform 
during the course of the experiment by frequent weighing and the addition of 
water. At 10-day intervals, duplicate pots were filled with the soil, and 
planted to June clover and alfalfa. The stored samples were thoroughly 
mixed and aerated. The number of seedlings appearing above ground in 
these pots was taken to represent the germination except where no growth 
occurred, in which case the seeds were found in the soil and the percentage of 
germination determined. Germination was considered complete in 10-days, 
and the potted soils were air-dried and stored. 

The total soluble salt content of the soils was measured by the freezing-. 
point depression method as developed by Bouyoucos and McCool (1, 2). 
The acidity of the soils as expressed by pH values, was measured by electro- 
chemical means. 

The results given are the averages of the duplicate pots. The acidity and 
freezing-point results are those of the soils after potting, so they really were 
incubated 10 days longer than the table would indicate. 

From these results it appears that the sulfur had little effect on the germina- 
tion and early growth of the plants, except where the large applications incu- 
bated for several weeks, in which cases the growth above ground was decreased. 
Attention may be called to the fact that in the case of the 3000-pound 60-day 


1 Portion of a thesis presented to the faculty of the Michigan Agricultural College in 
partial fulfillment of the requirements for the degree of Master of Science, June, 1924. 
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sand pots, 74 per cent of the alfalfa germinated, even though none of thiscame 
through the soil; with the 3000-pound 30-day pots the germination was 33 


TABLE 1 
Germination of alfalfa and clover in Coloma sand incubated for periods as indicated 
0 Days 10 DAYS 120 pays 30 DAYS 60 Days 
SULFUR APPLIED 
Cc A Cc A Cc A c A C A 
a se ee a a 
PE eee sess tatwiusuaeee Soe eros 94 | 62 | 84] 51 | 89 | 59 | 91 | 68 | 88 | 65 
500 pounds 89 | 55 | 82 | 56 | 84 | 64 | 91 | 62 
1,000 pounds 89 | 62 | 93 | 58 | 86 | 55 | 88 | 65 | 90 | 62 
1,500 pounds 90 | 67 | 91 | 51 | 89 | 64 | 89 | 59 | 78 | 42 
2,000 pounds 89 | 55 | 97 | 54 | 90 | 59 | 86 | 57 | 48 | 51 
RUNNER boii i hurt was bukle sep oee 88 | 57 | 90 | 60 | 94 | 49} 5* 7* OF OF 
A—Alfalfa. 
C—Clover. 
J {A, 33 per cent germinated but did not appear through soil. 
\c, 61 per cent germinated but did not appear through soil. 
A, 74 per cent germinated but did not appear through soil. 
C, 52 per cent germinated but did not appear through soil. 
TABLE 2 
DH values of sand incubated for periods as indicated 
SULFUR APPLIED 0 Days 10 Days 20 DAYs 30 DAYS 60 Days 
2H pH pH pH ’H 
ORE CG Ma bes xnacuaeoswee woaeoe 7.95 8.2 8.15 8.2 8.05 
Cd a. Ss gene Sete Bi Aaa 15 is 7.6 ee aS 
Sep ene e560 RR AS 7.65 7.35 6.75 6.7 6.3 
Se eo oe 7.7 V2 5.6 5.0 4.3 
RO EREMEE Sieg feck aaw soos siete sis 7.65 12 4.5 4.4 3.9 
SNe IEE 5 asic sions 'o wires aysys j5'8 7.6 6.7 4.4 4.1 3.65 
TABLE 3 
Freezing-point depression of Coloma sand plus 30 per cent water 
SULFUR APPLIED 0 pays 10 pays 20 Days 30 DAYS 60 Days 
“C. "C: “Cs sy, "Ge 
2 ES Ree aes aang aeae Meeterrenes.s (we Us Uf 0.016 0.017 0.015 0.017 
SOO MMRINES 5553. Soar tious. RS 0.011 0.028 0.042 0.043 0.042 
Pe CNINIB 6 .5i6'sin:ss'sun se duselesinn 0.034 0.037 0.043 0.043 0.047 
Se ee 0.041 0.045 0.047 0.051 0.070 
eS So eee 0.041 0.043 0.058 0.060 0.080 
SPU MRIL, os csivccsscossccsses<a0] SOS029 0.051 0.060 0.073 0.112 


per cent and the growth 7 per cent. This indicates that alfalfa seed will 
germinate when the intensity of the acidity is too great for growth. 
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The acidity of the soils and the amount of soluble material increased with the 


amount of sulfur applied and the length of the incubation period. There 
appears to be a correlation between the pH values and the amount of soluble 
material present, and this is more apparent in the sand cultures. The increase 
in soluble salts in these soil is undoubtedly due, in a large part, to the biological 
oxidation of sulfur. 

After reaching a certain hydrogen-ion concentration, a very slight change 
in acidity has a decided effect on the stand. This is shown in the sand where 


TABLE 4 
Germination and growth on Miami silt loam 
0 Days 10 DAYS 20 DAYS 30 DAYs 
SULFUR APPLIED 
Cc A Cc A Cc A Cc A 
DUGG Fes. oo Doe cA wenger ROS I ROO ae iGOw [tau |hSe 2 [SOs | Oe | Oe 
2 CUE 52 | aa 89 | 62 | 90 | 64 | 93 | 60 | 73 | 63 
2 OOO HOMDOS 60055 Scie ee cia ealsivce deen oe Oe" Vee oe POR POR 2a Ae 
3 MONO OMNGE iio; sds oe semes a eee ee | 64 4-1 SE |? {S82 2 0 
TABLE 5 
PH values of Miami silt loam 
SULPHUR APPLIED 0 Days 10 Days 20 DAYS 30 DAYS 
PH pH pH ~H 
ORB io secene cies cn wes cea aswel Assocs’ 4.9 5.05 4.97 5.05 
1,500 pounds 4.85 4.35 3.95 3.62 
2,000 pounds 4.75 4.1 3275 3.4 
3,000 pounds 4.75 Sas 3.4 3.16 
TABLE 6 
Freezing-point depressions of silt loam plus 35 per cent water 
SULFUR APPLIED 0 pays 10 Days 20 DAYS 30 DAYS 
°C: bs Oe "C; "Cs 
PUG eral o hcde vec vn ee tetawewedee ne we ell OMOEn 0.019 0.017 0.021 
By HOO) SIOCONG i0 i fais a. sc 080 5 Seales ta SO 0.042 0.0495 0.054 
DAMM OUNGE 1s 6.5 sic sis lie aes c:ciarsaachoe nal ORES 0.051 0.076 0.085 
SRMOMOOIN GS o:s5s aloes ia Keiko od do's ase ons.eal eee 0.059 0.1045 0.1165 


a fair growth occurred at pH 4.3, but practically none at pH 4.1, and in the 
silt loam where similar results were obtained at pH 3.5 and pH 3.4. 

From the fact that growth practically ceased in the sand at pH 4.1 while in 
the silt loam the plants grew well at pH 3.5, it is apparent that the acidity at 
which a plant will grow is a property of the soil and not entirely of the plant 
itself, and will vary with the soil used. And it appears also that this is due to 
some effect on the growth of the seedling and not on germination. The hydro- 
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gen ion concentration produced in a soil by a certain treatment also is controlled 
by the soil itself, and results on different soils will not be strictly comparable. 

In the sand cultures there was better growth in the 2000-pound—60-day 
pots, than in the 3000-pound—30-day pots although the former had the 
greatest content of soluble salts. Similar results may .be found in the silt 
loam cultures. This fact would seem to indicate that the death point of 
the plants was not due to too great a concentration of the soil solution. 

Samples of the untreated and treated sand cultures were placed in glass cylin- 
ders and leached by percolation with 5 liters of water. Samples of the leach- 
ings were taken after the first 250 cc. had passed through, and also the last 
250 cc. of percolate was collected in each case. These leachings were analysed 
for Ca and SO, and the pH value was found. The hydrogen-ion concentration 
of soil samples taken after 43 liters had passed through, also was found and 
compared with the same for the unleached soils. 

These figures show that although the sulfate was practically all removed by 
leaching, the acidity produced by sulfur oxidation was not. On the contrary 


TABLE 7 
Results of leaching treated and untreated soils 


uo) 
= 
_ 


BaSO, in 50 cc. | CaO 1 50 cc. 


gm. gm. 


Aveatied GMeACHIA SON. o5 6.55.5. 5. 6see ca sees 
Cee een Oe Sy a ae eee 
First leachings 

Last leachings 

Untreated unleached soil...........24c2csceeee. 
Untreated leached soil 

First leachings 0.0004 0.0010 
ee ONENESS ins cn aw aaa ale sudas bets’ None Trace 


ANA NTH UU wn 
AnouUr awn 


leaching made the treated soil slightly more acid. Apparently the sulfuric 
acid reacted with the soil bases as fast as it was formed, and the increased soil 
acidity was due to insoluble acids or acid salts. The alkaline soil was made 
more acid by leaching, and the last leachings from this soil were strongly acid. 

Practically all of the soluble calcium and sulfate sulfur were washed from the 
soil. The untreated soil contained essentially no sulfates. Although the 
untreated soil was alkaline and showed the presence of excess carbonate when 
treated with acid, the first leachings from the treated soil contained more cal- 
cium than those from the untreated. This shows that the treatment made the 
calcium more soluble. There was some evidence: that the treatment floccu- 
lated the colloids present, inasmuch as the water percolated faster in the treated 
soil. 

Lime-requirement determinations were made on some of the treated soils 
by an electrometric titration method developed by Spurway (3). The results 
show that although there may be some correlation between pH value and total 
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lime required to bring one soil to neutrality under different conditions, yet 
there is no correlation between these properties in different types of soil. 

Some sulfur-treated plots on Plainfield loamy sand were planted to mam- 
moth clover, and the acidity of soil samples taken at intervals during the sum- 
mer was determined. The decrease in stand of clover and the increase in acid- 
ity varied directly with the amount of sulfur applied. On one of the plots, 
the pH value of which was 3.1 some clover was found growing four months 
after treatment. 
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A STUDY OF SEVERAL ORGANIC SOIL PROFILES! 


M. M. McCOOL anp A. G. WEIDEMANN 
Michigan Agricultural College Experiment Station 
Received for publication May 10, 1924 


It is rather difficult to correlate results obtained by different investigators on 
the nutritional, ecological and other phases in which soils are employed as the 
media for plant growth because of a lack of satisfactory and standardized 
methods of measuring the physico-chemical properties of soils. For example, 
the profiles of the mineral soils of northern Michigan are composed of five 
distinct horizons, whereas those of the southern portion of the state have 
usually five distinct horizons differing markedly from soils of similar texture 
in the north (4). Differences in the amount and nature of the materials that 
go to make up the organic soil profiles have been observed (2). As Dr. C. F. 
Marbut has brought out (3), it is desirable to study soils as such, and much 
greater attention should be given to the various soil horizons. The indications 
are that the plant is influenced not only by the surface few inches of soil but 
by the properties of the horizons of the entire soil profile. Thus it seems that 
the ecologist would find it profitable to consider more carefully the various soil 
horizons while carrying on field investigations. 

Although reports of physical investigations on mineral soils are legion, this 
is not the case with respect to organic soils. In this field we find much less 
information, yet it is probable that the physico-chemical relationships of these 
soils are almost as far-reaching in their effect on plant growth, the methods of 
fertilizing and other phases of their management, as they are with mineral 
soils. 

It has been found mainly through the use of mineral soils that water in soils 
varies tremendously with respect to the temperature relationships (1). Some 
of it may freeze readily when the temperature is slightly below O°C., some may 
not freeze at this temperature but will solidify at or near — 2°C. and some may 
freeze at -4°C., while some may not solidify even at much lower temperatures. 
The water of soils has been classified on the basis of such properties. From 
the physiological aspect such relationships of the soil and moisture doubtless 
are of tremendous importance. 

It is well recognized that dry soils when moistened give off heat and the num- 
ber of calories of heat evolved varies considerably with different soils. Appar- 
ently the colloidal content and the state of the colloidal material has a great 
effect upon this phenomenon. 


1 Published with the permission of the Director of the Michigan Agricultural Experiment 
Station. 
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It has long been known that wet peat shrinks markedly upon drying and this 
property is important from both the agricultural and the industrial stand- 
point. When organic deposits are drained it is possible that the degree of 
such shrinkage has an important bearing upon this practice. 

It has occurred to us that these phenomena may be utilized in studying the 
physical properties of organic soils and perhaps assisting in their classification. 


EXPERIMENTAL RESULTS 
Dilatometer studies 


It is possible, we found, during the progress of our investigations, that the 
water content of the soil used in dilatometer studies regulates somewhat the 
results obtained. Accordingly, dry materials were sampled in triplicate and 
treated with different amounts of water, well mixed, and allowed to stand in 
the moist condition two days before making the determinations. 

Several samples were taken from the field and used in the moist condition. 
That is, they were not permitted to become air-dry before studies were made. 
One portion of each sample was placed in a closed container where it remained 
unchanged so far as moisture content was concerned, another portion was 
allowed to lose some moisture by evaporation and a third portion was permitted 
to lose still more. 

It was considered important also to determine whether or not the air-drying 
of samples of organic soils results in a measurable change in the results obtained 
from dilatometer studies. For this purpose samples were brought from the 
fields, thoroughly mixed while wet, separated into two portions and their 
weights recorded. One portion was permitted to lose moisture by evaporation 
until it became air-dry, and then was made up again to the original weight with 
water before the studies were undertaken. According to the results presented 
in table 1 the amount of water that fails to freeze in the materials used is prac- 
tically the same where the total water content is about the same, and air-dry- 
ing does not affect the results obtained. Additional results are presented in 
conjunction with the heat of wetting studies. 

A brief description of these materials and also of the materials mentioned in 
tables 3 and 4, is given in table 5. 


Heat of wetting 


It was brought out early that there is an appreciable difference in the time 
required for different materials to reach equilibrium when moistened (or to 
cease to generate heat upon becoming wet). It was apparent that if some 
samples were worked up at the proper moisture content and left in a porous 
condition they took up water readily, whereas if collected while quite wet and 
permitted to dry without being broken up they became very hard and relatively 
impervious, and even when crushed to very small particles took it up very 
slowly as indicated by the rate at which they generate heat. 
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WATER neg 
UN: PE 
SAMPLE AND TREATMENT WATER CONTENT] Teena OVEN 
DRY MUCK 
per cent ce. 

MUN RABY SIG Ls QI REPO 55555 5 as oreo sine ein aes ae cress easels vies 101 .06 4.94 
MI LOU HEIL, SITCATIOE 5 5 5-00) 5 0.0 5.0 si 6/e sieheiers) ola e016 e's Tediovatane a 123 .98 4.99 
MCE IEC IOGL, AAT-OMO os 5 oe oo vc ee oa cce canes senemecea 152.85 5.13 
BGs DON BOOT ASE TICS, 85 50°05 1S cis aya te 52 Wikee see's Bless 113.41 5.84 
BBGTOO Cl LOG ATION so Sein ascge: 09/26 « rida: sldia\ date: aaaiejaaeperersie 169 .60 6.49 
TIE PAA OG Cs BRIO 56550650 s vitjosws a iginis' oe tains 58.9 « migape cree’? 203 .63 7.05 
Town TAKS, SOLACE; SIF-GHEG ac oe ce cc chee scseeende 125.27 5.54 
appa Tinie) Striacey RGIIEG so iow Ss oo on bees Be Hae 184.55 6.11 
OWE TC MOUTIACE AI AIER 65 g:5. 5: 0.5 did ose aise en ei aclaw anes 188 .80 6.00 
Parr Pane, Surace Aire QECO so. 65 556.655 siese:<adia dence ce slewia ieee 125 .96 4.83 
Wari Tiane Curiae’, GU NICO: isis ook ce es ose d soe ee sss 183 .57 5.49 
Fatin Lane, Surinces BUeOttOl 665i secec ccc cc ees cese cece 201 .37 5.48 
SHOWN) TOMO) SUTGACE: REDE NOISE: «5.0.5 5:6.015. 0:5: 012,5.6.6)0 sais: s-siecejeieieiece 121.58 5.63 
Towa Tine curace Kept MGB... os cciicecscceveccsseecicss| £66.38 6.04 
Town: Line; suriace, kept: Moists..5<:5.<.6606085 ces see ae Gene 191.45 6.27 
OWA LANE; SUDBOI, OPE MMOIS Gs 6: 6:5:56.55 66 6:556.0 Fei esti cias's eiielere 232 .84 7.87 
Town Pane, subst, Keptamaisty esis ./!0is occ sce aie es eevee 346.15 8.36 
Town Line, subsoil, kept moist.... 409 .54 8.88 
Farny Gane) Surince, Rept MGIsts o656 5 sis nee ose se osise serties 128 .86 557 
Pari Vane, surtace, KepC moist s...6.s0is6cc ce sccasce cosas 159.75 5.90 
Farm Lane, curtace, kent moistsaisss co cc0s ccciseee cides vee 179 .93 6.22 
Farm Lane, cubsoil) Kent moist. i.<3. 6. 540.6. ele od Vode cas 223 .62 7.85 
PALI TANG; SUNGOI, REPU MOISE sa 5 5.5s 5'.6.0n.eies isin leila pcoersiere 335.58 8.39 
Farm diane; subsoils Lentmoist as. 25 asic. ccs arene cagaslsye conn BOOeee 8.63 
Town Line surface, dried and rewet..............0ceceeeeees 153.50 5.76 
MIOWA UNG SUTIN Cer REDE WEEE 65.60.50 0f ay omnes 0001's so seis ne 153.19 5.92 
Town Line subsoil, dried and rewet.............. 00.0 ceeeeee 297 .84 8.04 
Lown Line subsoil: Kept’ Wetsie «cs. 6:05 od00:8 olacis we vamonaisierweis 301 .99 8.13 
Farm Lane surface, dried and rewet..............secceceeees 185.45 5.74 
Pari PAHe SUMACe, KEDE Wels. sccccs ccs cess eTecesecrecnscs| Lede 5.48 
Farm Lane subsoil, dried and rewet..............00eece cece 302 .65 8.41 
Paci Lane SUbsO Kept WEG ss sicioiaicte sls fale wncard-tv cieucdaeeraiels 294 .04 8.28 
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It was therefore thought advisable to determine the effect of the physical 
condition of the materials on the rate at which heat is generated. Some of the 
less pervious materials, or those that become very hard upon drying, taken from 
the third and fourth foot of a deposit, were used for these investigations. They 
were ground to different degrees of fineness and the heat of wetting 
determined. 

Two samples mentioned above were used for this work and the operation was 
repeated twice with a slight change in the method. (A) In the first case the 
material was crushed to pass through a 3-mm. sieve. It was then divided in 
two equal parts, one being used to determine the heat of wetting without fur- 
ther change, while the other was quite finely ground without crushing the 
particles too much before using. (B) In the second case the material was 
crushed to pass a 3-mm. sieve, then it was sifted through a 2-mm. sieve and 
that which passed through was rejected, nothing being used except the lumps 
ranging in size from 2 to 3 mm. This material was divided into two equal 


TABLE 2 
Effect of physical condition on the heat of wetting 


DEPTH OF SAMPLE 


TREATMENT Third foot Fourth foot 
Not ground| Ground |Notground| Ground 
Method A: 
Bure NOMMION) Fens ts ks ca xD heeeodesabe 42 8 46 8 
Heat of wetting (calories).................] 760.50 | 784.40 711.08 | 728.50 
Method B: 
PERE OM icici oaibeasasacaseaesed OD 11 75 15 
Heat of wetting (calories).................| 738.90 | 760.00 | 675.00 | 695.00 


parts, one of which was ground before being used. The results of this work 
are given in table 2. 

The striking thing about these results is the great difference in the time 
required for materials of different fineness to generate the total heat upon being 
placed in water. It was observed that in case of the ground samples the most 
of the heat was produced in the first minute and the amount produced in each 
succeeding minute was less until the maximum was reached in 8 to 12 minutes. 
This indicates that the very fine material took up moisture readily and the small 
amount of slightly coarser material took up moisture more slowly. In the 
case of the unground soil, which ranged in size of lumps from very find up to 
3 mm., the per cent of total heat produced in the first minute was much less, 
and for the material ranging from 2 to 3 mm. it was still smaller. 

The heat of wetting of samples taken at different depths from several deposits 
also was determined. Thin slabs were cut from each and thoroughly mixed, 
while still moist, before using. The time required for those taken from several 
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Loss on ignition, heat of wetting per 25 gm. of soil, and time required for soils to reach maximum 
temperature in heat of wetting 


TIME REQUIRED 


LOSS ON WETTING PER 
= IGNITION 25 ou. oF uinatmaaaee 
per cent calories minutes 
Bope: 
MBE POO whee cis ois awa ha ha sides wrens tee 65.8 766.6 8 
2nd foot 83.1 787.5 12 
3rd foot 85.7 700.8 13 
ME OOU asa ects aioe eee aca iaedere 57.9 569.7 6 
PU AODEsice es  eas betes eee wow neers 47.2 506.5 6 
GERHOOE. celexa eo siiiins ice Wate nae neon 17.0 185.2 5 
De Camp: 
PM OOE ree cx wise wleiacs angie Favors 81.0 954.5 5 
2nd foot... 85.3 933.9 i 
ONDE asses 5 5c: aid 2s aie ia oh we sialon Te 87.3 900 .6 3 
POTE Le 0) SRA ay Sei ae tea eto 87.5 904.1 11 
RNR irre tors weisoa a idee nites eee eee 85.6 838.1 7 
Homer: 
MBL ag cccyoisaie ss dies ateeaiavealenesanteals 84.0 -901 .3 8 
PRD OU ais faint alot a eens alos oslo atnner 89.3 847.7 12 
PEO GS asi os oss nice cic siete Seems wis eee 76.9 708 .3 15 
Ath 160b; oss 3 80.5 744.6 13 
Thorp: 
ON ROHN 5.%c ca wi 5G ciaein sia acon ac arrwiewieste tists 84.8 846.4 8 
2nd foot 86.9 884.0 3 
SSP RRAIOG DG 5c eins: siniesoles ae sg Wis Sats coal woke 89.6 815.5 4 
MRR ys sine iao sc aiaatanisre A cae iceea niet 89.2 716.9 8 
Hudsonville: 
CEL EAR tine ane aR 80.5 916.0 5 
2nd foot 85.8 853.0 8 
3rd foot 83.8 821.0 11 
Kingery 
Nie OF SIRES sis bisiks Ss Rew Ascs hola iawisie earns PEARLS 692.0 14 
ME OS i055 5.355 55 oak wa Haa tvinnatclees 85.2 636.0 12 
“OLLI 0 1) a 86.2 628 .0 7 
WTB Seas acd. Senin eal een 84.5 631.0 12 
JS CISTI he eee 78.5 635.0 9 
Ingham County!: 
COMA OR net Rod, Sean: stax daysaiewheneieerwas 78.3 457.7 
IE cies AGN eis area Ga cics asislarensess 72.4 456.6 
STO SR aan ae ar 82.3 341.0 
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TABLE 3—Continued 


TIME REQUIRED 
TO REACH 
EQUILIBRIUM 


LOSS ON 
IGNITION 


per cent minutes 


Ingham County’: 
0-15 inches 
15-36 inches 


Posen: 


TABLE 4 
Unfree water, heat of wetting, and loss on ignition of surface materials 


HEAT OF WETTING RATIO OF HEAT 
SAMPLE NUMBER UNFREE WATER PER 25 GM. OF LOSS ON IGNITION OF WETTING TO 
MATERIAL UNFREE WATER 


per cent calories per cent 


41.2 397 .32 
46.2 477 .53 
463.77 
486 .67 
466.97 
596 .86 
552.95 
529.72 
559.22 
579 .28 
564 .92 
664.44 
697 .48 
670.46 
647 .99 
646 .07 
693 .20 
666 .52 
714.32 : 
708 .42 84.2 


* In making these determinations 5 gm. of air-dry soil was moistened with 5 cc. of H,0. 


deposits to reach the maximum temperature, as well as the heat of wetting and 
the loss on ignition, is given in table 3. It seems that the best method of pre- 
paring the samples is to work them up with the hands when at the proper 
moisture condition, so that they will dry out to be granular and porous. Even 
with this treatment some of them are more or less resistant to wetting as the 
data in table 4 show. 
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TABLE 5 


A brief description of materials mentioned in tables 1, 3 and 4* 


SAMPLE NUMBER 


OR NAME COLOR TEXTURE VEGETATION 


Brown Coarse Huckleberry 
Brown Coarse Huckleberry 
Brown Coarse Huckleberry 
Dark brown | Finely divided Tamarack 
Dark brown | Finely divided Tamarack 
Dark brown | Finely divided Cat tail 
Brown Finely divided Huckleberry 
Black Finely divided Tamarack 
Black Finely divided Tamarack 
Dark brown 
Dark brown 
Brown Coarse Huckleberry 
Black Finely divided Black ash and elm 
Dark brown | Medium fine 
Dark brown | Coarse 

Black Finely divided 
Black Finely divided 
Dark brown | Finely divided 
Black Finely divided 


CONAN FP WH 


Town Line: 
Black Finely divided 
Black Finely divided 


Black Finely divided 
SSOU eos sssiee a da steie ..++-| Dark brown | Slightly fibrous 


Bope: 
1st foot Dark brown | Finely divided 

Dark brown | More woody 

Dark brown | Woody 

Dark brown | Woody 

Gray tinge | Sandy 

Gray Quite sandy 


DeCamps: f 
St 10Gb. sects ae Vest) GBRORn Coarse 
BOG TOUS 665 s0hj cars asta ines a4 | pO Woody 

Brown Woody 

Brown Woody 

Brown Woody 


* The soils described in this table are the only ones in this article referred to by these 
numbers. Wherever “No. 1” appears it means the same soil. The same is true of “Town 
Line” or “Hudsonville,” etc. 


¢ 


M. M. MCCOOL AND A. G. WEIDEMANN 


TABLE 5—Continued 
ee ye COLOR TEXTURE VEGETATION 
Homer: ° 
1st foot....................| Dark brown | Finely divided 
0) 0 a ee eer Dark brown | Slightly woody 
OS SE Dark brown | Slightly woody 
OS Ee ee Dark brown | Slightly woody 
Thorpe: 
Ist foot...................-| Dark brown | Finely divided 
PRR coets ssaccke soso Brown Slightly fibrous 
ES eee ao Brown Slightly fibrous 
Be ROD re Sics i wiwns sateen Brown Slightly fibrous 
Hudsonville: 
SS eee ec 3 Finely divided 
ee ee ee ees Dark brown | Slightly woody 
PE ROOU ws odin es oe soe awe Dark brown | Slightly woody 
Kingery: 
1b CK Sie ene es fot 3 Finely divided 
DE) PEER bo) < Slightly coarser 
BURGOS o.oo ios uy Adicts ouat | Slightly coarser 
Ingham County!: 
ee eS Serres Dark brown | Finely divided 
6-24 inches...............] Brown Slightly coarser 
24-40 inches...............] Brown Somewhat woody 
Ingham County?: 
0-15 inches...............] Dark brown | Finely divided 
oc. a a Brown Somewhat coarser 
Posen: 
0-4 inches Brown Coarse 
4-24 inches...............| Brown Coarse 
Tec. Brown Woody 
36-48 inches Dark grayish) Fine, colloidal 
brown 


Additional studies were made with respect to the heat of wetting and unfree 
water of samples taken from the first foot of numerous deposits. The color, 
texture and vegetation are given in table 5. The data in table 4 show the rela- 
tionship between the heat of wetting, the per cent of water that fails to freeze on 
the oven-dry basis, and loss upon ignition. The materials are arranged accord- 
ing to the ascending order of the per cent of water that failed to freeze. The 
heat of wetting and the loss upon ignition also are given. 


A STUDY OF ORGANIC SOIL PROFILES 


TABLE 6 


Moisture content and shrinkage of organic soil profiles 
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DEPTH 


WATER BY 


WATER 


NAME OF DEPOSIT OF SAMPLE WATER TABLE WEIGHT PER CUBE APPARENT SHRINKAGE 
inches inches per cent gm. Sp. gr. per cent 

0-4 143.1 418.5 0.28 33.02 

12-16 384.4 673.5 0.17 50.50 

TI nc cised oss 24-28 577.9 887.0 0.15 78 .03 
\| 30-34 692.7 | 906.8 0.12 70.47 

36-40 653.7 928.2 0.13 80.47 

48-52 556.8 907.1 0.15 61.41 

0-4 147.8 511.0 0.33 33.00 

12-16 466.5 833.5 0.17 68.36 

Chandlers......... 24-28 36 487.7 908.1 0.18 78.03 
36-40 860.6 947.5 0.10 75.87 

48-52 826.6 929.8 0.14 80.25 

0-4 110.6 460.0 0.40 23.09 

6-10 479.7 880.2 0.17 78.03 

Trowbridge....... 12-16 30 616.2 901.3 0.14 78.03 
24-28 898.1 950.2 0.10 58.17 

36-40 1333.8 941.4 0.07 64.84 

48-52 1183.3 972.7 0.08 70.19 

0-4 126.1 320.5 0.24 33.0 

12-16 530.7 758.3 0.14 61.33 

South Farm.......4| 24-28 30 555.5 864.3 0.15 69.05 
36-40 691 .6 924.1 0.13 70.45 

48-52 742.5 939.2 0.12 61.33 

0-4 139.4 367.1 0.25 28.33 

8-12 392.2 663.5 0.16 63.16 

12-16 500.9 720.7 0.14 64.61 

Valleau........... 24-28 72 748 .6 792.7 0.10 56.30 
36-40 734.5 914.4 0.12 59.64 

48-52 933.2 951.8 0.10 56.30 

60-64 912.7 948 .3 0.10 54.56 

0-4 83.1 366.7 0.42 23.09 

6-10 274.9 654.9 0.23 50.50 

ee 12-16 483.3 825.9 0.16 61.41 
24-28 719.1 931.2 0.12 84.19 

36-40 611.4 934.2 0.15 81.19 

48-52 325.0 886.0 0.26 78.03 

0-4 82.3 335.5 0.39 33.00 

6-10 292.3 716.7 0.23 66.28 

Town Line........]] 12-16 39 401.8 829.2 0.20 73.19 
24-28 697.2 937.0 0.13 66.28 

36-40 744.5 965 .6 0.12 83.90 

48-52 355.2 918.3 0.25 57.21 
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TABLE 6—Continued 


NAME OF DEPOSIT Pel WATER TABLE a Pg APPARENT | SHRINKAGE 

inches inches per cent gm. Sp. gr. per cent 

0-4 134.7 565 .3 0.40 33.00 

6-10 246 .2 698 .8 0.27 46.37 

12-16 432.0 716.3 0.16 54.37 

Farm Lane....... 4| 24-28 646.4 919.2 0.14 56.34 
36-40 675.6 925.6 0.13 56.34 

40-44 821.8 931.0 0.11 78 .03 

48-52 1069 .0 976.9 0.09 80.47 


The results seem to show that the heat of wetting and the unfree-water-hold- 
ing capacity of organic soils are dependent not entirely upon the organic con- 
tent but upon the state of decomposition and nature of the materials. Soils 
1, 2 and 3 have a very high organic-matter content and their heat of wetting 
and unfree-water-holding capacity are rather low, while 20, 13 and 17 are 
among those of lowest volatile matter content and have an unfree-water-hold- 
ing capacity and heat of wetting slightly greater than those of 1,2 and 3. Fur- 
thermore, soil 15, which has the highest unfree-water-holding capacity and 
next to the highest heat of wetting, has a very high organic matter content. 


SHRINKAGE UPON DRYING. 


The samples utilized for the accumulation of data on the volume weight and 
shrinkage upon drying were taken by excavating to the desired depth and 
sampling with a galvanized iron cube open on one side. The cube was care- 
fully inserted into the various sections of the deposits, and removed, the con- 
tents weighed and oven-dried, and the measurements taken. The materials 
were collected August 1, at a time when the surface layers were not very high 
in water content. The results of these investigations are presented in table 6. 
A few of the cubes after drying are shown in plate 1. 

It is to be noted that in nearly all cases the cubes taken from the surface 
layers practically retained their cubical shape on being dried. They shrank 
somewhat but the vertical shrinkage was about the same as the horizontal 
shrinkage. In case of the samples taken below the surface the horizontal 
shrinkage was less than the vertical. The greatest change in volume was found 
to take place in the layers of very fine and somewhat colloidal material, while a 
medium shrinkage occurred in the more fibrous layers. In addition, the verti- 
cal shrinkage in proportion to the horizontal shrinkage was greatest in the 
fibrous layers. The apparent specific gravity of the cubes as removed from 
the field was determined, and was found to be the greatest in case of the first 
section sampled. 
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SUMMARY 


1. The amount of water an organic soil contains has some influence on the 
amount it will hold unfree, the latter being greatest where the water content 
is high. Air-drying a soil and wetting it again has no effect on the amount of 
water it will hold unfree, provided the soil is allowed to become thoroughly 
moist before the determination is made. 

2. The physical condition of organic soils has a great influence on the rate 
at which they will take up water. A fine-textured organic soil that is removed 
from the deposit while wet and allowed to dry in large chunks will take up water 
very slowly. - This is especially true of the lower horizons of fine-textured 
materials. This physical condition has no influence on the amount of heat 
generated on wetting but it does have an influence on the rate at which heat is 
developed. 

3. There is a very close relationship between the heat of wetting and the 
unfree-water-holding capacity of organic soils. It seems, however, that the 
ability of organic soils to develop heat upon becoming wet and to hold water 
unfree is dependent not upon the organic content of the soil but upon the stage 
of decomposition and nature of the materials. A soil with a very low organic 
content, such as is found at or near the bottom of some organic deposits, 
naturally has a low heat of wetting due to its mineral content; but, as a rule, 
the sections near the middle of the profile where the organic content is highest 
give less heat of wetting than those at the surface where the organic content 
is somewhat lower, but is usually more thoroughly decomposed. 
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ma ete eer 


PLATE 1 


Four-IncH CuBE oF OrGANIC Sort, AFTER DryING, TAKEN AT DEPTH INDICATED BELOW 
Eacu CuBE 


The 4-inch cube sample is shown at the left in each figure. 


Fic. 1. Cubes taken from Farm Lane deposit. Note depth of greatest shrinkage at 40-44 
inches near the bottom of the deposit. 


Fic. 2. Cubes taken from Thorp’s deposit. Here a thin layer of fibrous material is found 
at 32 inches between two layers of colloidal material. 

Fic. 3. Cubes taken from Shaw’s deposit. The depth of colloidal material or of greatest 
shrinkage is found between 20 and 44 inches. 


A STUDY OF ORGANIC SOIL PROFILES 


PLATE 1 
M. M. MCCOOL AND A. G. WEIDEMANN 


lic. 1 


BIE” 


30-3, 36-40; 
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NOTE ON THE ABSORPTION OF BASES BY SOILS 


N. M. COMBER anp S. J. SAINT 
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Received for publication May 28, 1924 


It has for some time been regarded as an established fact that, all other things 
being constant, the greater the concentration of a base in solution the greater 
is the amount absorbed by a soil in contact with the solution. In a recent paper 
by C. P. Jones (1), however, it is claimed that beyond a certain concentration 
“an increase in concentration results in a decrease in absorption.” As the 
mechanism of the absorption of bases by soils is so important and attractive 
a subject, it seems most desirable that such a challenge of a hitherto accepted 
fact of the problem as that made by Jones should be most carefully and criti- 
cally considered. In this note, the writers wish to submit that Jones’ deduc- 
tions are invalid and that his experimental data cast no doubt whatever upon 
the accepted belief that the amount of base absorbed from solution by soils 
increases with concentration of the base. 

Jones agitated solutions of suspensions of carbonates and bicarbonates of 
alkali and alkaline-earth metals with soil, and determined the amount of car- 
bon dioxide liberated. The amount of carbon dioxide liberated was taken as a 
measure of the amount of carbonate decomposed and therefore of the amount 
of base absorbed. The following are his results with solutions of sodium car- 
bonate and bicarbonate and an unlimed soil: 


NazCOs NaHCO; 


Concentration of 0.02M@ 0.05M |0.06M \0.10M |0.20M |0.50M 0.06M | 0.12M@ 


carbonate 


| Saturated 


CO; from 10 gm. 
soil (mgm.)...| 3.7 | 4.6 | 4. "414.3 | 2.4/1.1] 1.0/0.7] 0.3 | 15.3) 19.7 


Now in the experiments with the normal carbonate, it seems obvious that 
the carbon dioxide formed by the reaction with the soil will not be wholly 
evolved as gas, but will react with the remaining carbonate to form bicarbon- 
ate. That carbon dioxide does so react with the carbonates of alkali and alka- 
line-earth metals is a familiar fact, and the conditions under which the carbon 
dioxide is formed in these experiments will clearly conduce to the quantitative 
attainment of the reaction. Also the greater the concentration of the carbon- 
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ate, the greater will be the tendency for the solution to retain the carbon 
dioxide. The falling off in the amount of carbon dioxide evolved as the con- 
centration of the carbonate increases is held by the present writers to be due 
to bicarbonate formation and not, as Jones assumes, to a falling off in the 
amount of base absorbed and in the amount of carbon dioxide actually formed 
in the primary reaction. The far greater amount of carbon dioxide evolved 
when sodium bicarbonate was used (attributed by Jones to a greater hydroly- 
sis of the bicarbonate) is in full accordance with this view. 

Using as far as possible the technique described by Jones, the following experi- 
ments were carried out. The results support the criticism which is here 
submitted. 

1. A slow current of air was drawn by means of a pump through 50 cc. of 
saturated potassium bicarbonate solution and thence into 50 cc. of saturated 
lime-water. A similar current was drawn at the same time by the same pump 
through 50 cc. of an equivalent solution of potassium carbonate and thence into 
50 cc. of lime-water. After 2 hours it was found that the current passed 


TABLE 1 


Potassium absorbed by 10 gm. soil 


FROM K2C03 FROM KHCO3 


Calculated 
from CO2 
evolved 


Calculated 
from titra- 
tion 


Calculated 
from COz 
evolved 


Calculated 
from titra- 
tion 


PRU CMI ae ainis cae eG cena ea bel 


A sour loam......... 


mgm. 
0.30 
0.35 


mgm. 
33.40 
66.65 
518.00 


mgm. 

43 .90 

53.79 
* 


mgm. 
40.40 
62.95 
580.00 


An acid-extracted soil... 2. .05..0s000005 0.07 


*The amount of CO, evolved here was more than sufficient to saturate the lime- 
water used. 


through the bicarbonate had completely carbonated the lime-water, while 
that which had passed through the carbonate solution had carbonated only 
1 per cent of the lime-water. 

2. Fifty-gram portions of a sour soil were treated respectively with satu- 
rated potassium bicarbonate and an equivalent solution of potassium carbonate. 
The carbon dioxide evolved was collected in lime-water and estimated. Also 
the solutions were filtered at the end of the experiment, and the amount of 
base absorbed was estimated by titration. The results are given in table 1. 

It seems abundantly clear therefore that the amount of carbon dioxide 
evolved when normal alkali carbonates react with soil is no measure at all of 
the amount of base absorbed. 
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Any treatment of alkali soils, as previously pointed out (6), must involve, 
among other things, the replacement of the bases in the zeolitic portion of 
the soil and the creation of a reaction favorable for plant growth. By im- 
proving the physical condition of the alkali soil, as outlined previously (5, 6), 
the leaching operations are facilitated. This in turn must have an effect on 
the replacement process, since the presence of large amounts of the soluble 
salts hinders the interreaction of the ameliorating agent with the replaceable 
zeolitic cations. 

Table 1 gives the scheme of treatments used in the first series of experi- 
ments. Flower pots, of 1.4 pounds capacity, were used in studying the 
effects of various treatments in combination with leaching operations. Large 
earthenware glazed pots were used for studying the effects of the various 
treatments without leaching. The flower pots were paraffined to prevent 
absorption. It was found later that this treatment did not accomplish the 
purpose and some salts, especially potassium were absorbed by the clay walls. 

From time to time a number of small pots were taken to the laboratory and 
leached. The purpose was to study the effects of the various treatments on 
the leaching capacity of the soil. At the same time analyses of the leachings 
were made to determine the changes produced by the treatments. In the 
series of experiments reported, tap water was used for leaching, with the 
thought that such water would correspond more closely to irrigation condi- 
tions. The procedure was as follows: 


Each pot received a total of 400 cc. of water; the water was allowed to be in contact with 
the first two samplings (taken after 14 days and 48 days) for an indefinite period of time, 
and the rate of percolation was followed. Later a definite period of time, 48 to 72 hours, of 
contact was used, after which the water from the surface was poured off. The leachings were 
measured and then made up to 250 cc. In cases where the leachings amounted to more than 
250 cc. they were made up to 300 cc. 


Simultaneously with the leaching of the small pots, samplings were made 
from the large pots. Fifty grams of soil were mixed with 500 cc. of distilled 


1 Paper No. 193 of the Journal Series, New Jersey Agricultural Experiment Stations, 
Department of Soil Chemistry and Bacteriology. 
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water, shaken occasionally for three hours, left over night, centrifuged for 
one and one half hours and analyzed in the same manner as the leachings. 

Hibbard (4) has shown that water extracts do not represent the true con- 
dition in the soil. The displacement method which is supposed to represent 
the actual soil solution shows that carbonates, bicarbonates and phosphates 


TABLE 1 
Treatment of alkali soils, first series 


LABORATORY 5 
NUMBER TREATMENT 


None 

4000 Ibs. sulfur 

4000 Ibs. sulfur -++ 5 tons peat 

6000 Ibs. sulfur 

6000 Ibs. sulfur + 5 tons peat 

2000 Ibs. sulfur 

2000 Ibs. sulfur + 5 tons peat 

4000 Ibs c.p. alum + 5 tons peat 
4000 Ibs. c.p. alum + 2000 Ibs. sulfur 
5 tons peat 


mm CONAN PF WHS 


os 


TABLE 2 
Analyses of leachings from pots incubated 14 days: first series 


PARTS PER MILLION IN DRY SOIL 
LABORA- 
oe Pee Gus 
— Praprenid ergenic | | Pas | 
rarer. |PMoveR) Cas | Cas | carbon | cr | ca | ae | phos | S88, | 
out as 1 oe 
ce ! 
cc. 
1 188 27.8 | 107.6 | 84.9 | 2204.6) 40.9 6.3 9.4 | 486.9} 10.8 
2 168 0.0} 24.1 | 38.8 | 2184.9) 114.9 8.3 11.4 | 604.6 5.6 
3 160 0.0} 23.6 | 118.4 | 2362.1) 133.8 6.9 | 11.9 | 826.7 | 12.7 
ea 159 0.0] 37.4| 41.5 | 2440.0) 111.8 5:3.) :42.4:) 796.3 7.8 
5 195 0.0} 29.4 | 170.8 | 2303.0] 163.7 8.2 12.9 | 855.0 | 13.2 
6 182 |Traces| 71.5 | 49.2 | 2365.2} 53.5 3.9 | 12.9 | 677.1 9.3 
7 175 0.0 | 67.7 | 182.9 | 2420.6) 55.1 35 15.7 | 676.5 18.3 
8 180 4.2| 84.3 | 66.1 | 2244.0) 36.2 2.8 3.6 | 659.8 9.3 
9 225 | 0.0} 49.1 | 154.0 | 2362.1) 132.2 6.5 3.4 | 941.6 A 


*Organic carbon was determined by subtracting the sum of carbonate and bicarbonate 
carbon from the total determined by the wet combustion method, with permanganate and 
sulfuric acid. 


are over-estimated; thus the water extract considerably misrepresents the 
actual conditions in an alkali soil. The point is well taken, but solubility 
studies of the constituents would reveal exactly the same story. The ex- 
tracts do not represent the true condition for the reason that the hydrogen 
ions of water as shown (6) have a high coefficient of energy of absorption 
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and they replace other cations. We should therefore expect that by replac- 
ing sodium with hydrogen more sodium carbonate and bicarbonate would be 
formed. The purpose of our analyses is to compare the effect of the pro- 
ducts of sulfur oxidation and of other treatments on the exchange of ions in 
the alkali soils under uniform methods of experimentation. Taking the 


TABLE 3 
Analyses of alkali soil extracts after 14 days incubation: first series 


LABORA- PARTS PER MILLION IN DRY SOIL 


lron and 
SiO And alumi- Sas 
- Les es | numas | sulfates 

Pp oxides 


798 319.5 ; 74.5 | 219.2 
598 435 .6 ; .3 | 219.2 
159.6 | 420.2 : 8 | 338.8 
478.2 | 459.6 : .2 | 139.5 
438.5 | 379.8 : 4 | 338.8 
478.7 | 359.5 219.2 
217.9 | 299.8 ; .# | 259.0 
239.3 | 399.6 : 4 | 139.5 
1275.0 | 459.6 : 1 | 949.8 


-m OONTA NP WN 
© © CO CO CO CO C& 
CONN NO CO 


ov 


TABLE 4 
Analyses of leachings from pots after 48 days incubation: first series 


PARTS PER MILLION IN DRY SOIL 
JM-| AMOUNT 
LEACHED 

Pas 
THROUGH * Ca phos- 


phates 


} 


S as 
sulfates 


w 


PontoocoeoorFod 


125.6} 1984 ; 24.6) 17. .6} 1934 | 380.3 
38.5] 1866 .8 | 191.8) 10. .O} 2011 | 657.0 
55.3] 1984 2S] AIG 5) °S: are 
35.7} 2055 2 | Wo0.2| 6: .2| 2290 
31.1) 2362 .6 | 293.2) 7. .1| 2486 
38.3) 1653 : 88.8) 8. .5| 1759 
41.1| 2614 : 85.0) 11. .7| 2497 
83.1] 1960 ; 37.8) 14. .7| 1896 
45.5; 1866 4 | 154.0) 7. 4) 2214 
110.3) 1771 32.1 ; .4| 1760 


aS! wr wwwrd OND 
ANONACSCONON 


mm OOTA ON WS pre 


_ 
— 


same amount of soil and water we get a picture of the transformations due 
to the treatment. The leachings aid in bringing out the details of the picture. 

In comparing data of the leaching with that of the extracts the following is 
to be remembered. When a soil extract is made and then filtered through 
paper, the filtrate will as a rule be turbid if the particular soil has colloids, 
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as is the case with the alkali soils. However, the same soil when leached 
gives a perfectly clear liquid. The latter is nothing more than the filtrate 


TABLE 5 
Analyses of alkali soil extracts after 60 days’ incubation: first series* 


PARTS PER MILLION IN DRY SOIL 


Pas | Feand 
SiOz Mg phos- | Alas 


Sas 
phates | oxides sulfates 


371.3 .3|2133.7 .5 | 335.5 | 40.4 |1858.1] 407.8 
138 .2 1) 398.4 .5 | 196.0 | 48.0 | 499.1) 1159.0 
148 .3 1) 377.9 .5 | 248.8 | 52.9 | 299.9) 921.2 
139.2 198.4 9 | 213.5 | 50.5 | 239.3) 1207.8 
124.7 .1) 359.0 7 | 227.7 | 51.4 | 359.0) 2234.5 
212.2 .2| 338.5 .6 | 196.0 | .... | 299.1] 1007.8 
207.8 .1) 557.4 .5 | 226.7 | 50.5 | 459.8) 1081.8 
266.7 .1) 359.0 .6 | 234.6 | 52.9 | 259.8] 511.7 
139.5 1) 377.9 .5 | 209.4 | 48.0 | 198.4) 1373.1 
381.0 .3| 977.9 .6 | 274.9 | 65.3 | 951.1) 503.9 


mm COONAN PWD 
ononrnw ss 0 
COW A IW NH DH = CO 


= 


*Consider absorption by walls of various pots. Note the SiO, in alum treatment. 


TABLE 6 
Analyses of leachings from pots after 95 days’ incubation: first series 


PARTS PER MILLION IN DRY SOIL 


LABORATORY NUMBER 
OF TREATMENT 

P as phosphates 

S as sulfates 

Reaction 


u| 2 


| C as HCO: 
N 


os to 
is) P = 


> 


113.3}1770.0) 11. 8} 11.1) 4.25) 94.9)1295 .2) 335.4 
26 .7|1330.6| 26. 1} 30.5) 1.73)110.0)1262 9) 584.2 
28 .3|2210.9} 29. 8} 45.6) 4.25/111 9/1253 4/1162 .9 
21.7/1307 .0| 41. 1} 59.5) 1.88} 47.2)1338 .5}1083 .4 
24.2/1588 .9}| 30. 0} 56.0! 5.66)106 .2}1272 3/1203 .1 
26.7|1818.7) 9. .2| 27.8] 1.10) 77.9|1269.2} 727.5 
48 .8/1620.4) 17. .3} 26.9} 2.83)102 .5}1262 .9| 820.4 
91 .3)1384.1 ; .9| 17.3) 9.29) 81.7/1299 1} 481.8 
.O} 38 4/2527 .4| 12. 3} 42.5)... . ./144.5]1195 .2)1182 .6 
1 .5) 43 4/1218 .8) 16. .7| 10.2) 4.40} 68.5]1300.7} 203.1 


— 


— 
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*The paraffin from this pot was destroyed and some of the salts passed through the walls. 
This will account for some discrepancies in the determinations; note the retention of K by the 
porous walls of the pot. 


‘ of .the extract, differing only by the kind of filter used: in the extract the 
filter paper is the filter, while in the leachings the soil is the filter. In the 
latter case the mechanical absorbing capacity of the soil plays its part. The 
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data on the leachings furnish much evidence in this respect. Especially is 
this true in connection with the colloids such as the silicates. Tables 2 to 10 


TABLE 7 
Analyses of alkali soil extract after 95 days, incubation: first series 


LABORA- PARTS PER MILLION IN DRY SOIL 


Pas 
Ca Mg phos- K 
phates 


£. 
° 
=] 


S as 
sulfates 


> 


457.7) 3036 .0/1758.0 | 218.8} 270.5} 56.6 | 321.0)3576.2) 737.2t 
122.8} 2947.9) 159.0 | 760.5] 170.0} 7.8 | 321.0/3963 .6)1944.8 
106.7} 3746.3) 149.6 | 760.5) 213.5) .... | 370.0/4636.0/2015 .6 
75.5] 2747.9] 139.8 |1281.8] 253.0) 6.2 | 321.0/4001 4/2459 .7 
80.4) 3697.4) 159.0 |1160.5) 327.5} 9.4 | 352.0)5350.9)/2988 .8 
160.1) 3146.3) 119.6 | 319.6) 144.0} 7.8 | 321.0:4065 .9)1607.8 
127.5) 3398.2) 119.6 | 603.1) 182.6) 15.1 | 272 .0|4673 8/1935 .3 
308 .4| 3647.0] 379.6 | 159.0) 132.9} 7.8 | 321.0/4550.9/1206.2 
122.8] 3697.4; 69.2 | 530.6) 177.9} 7.8 | 321.0/4944.6/1889 .6 
453.5] 3295 .9|1199.9 | 190.5) 151.0} 58. on eee 649.5 
*No carbonates were present except in No. 11, which had some traces. 
{Note extremely high sulfur content of control. 
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TABLE 8 
Analyses of second* leachings from pots after 108 days incubation: first series 


PARTS PER MILLION IN DRY SOIL 


OF TREATMENT 


LABORATORY NUMBER 
THORUGH 


AMOUNT LEACHED 
C as HCOs 

P as phosphates 
S as sulfates 
Reaction 


ae ¢ a 
1S) 1S) 


& | Reaction 
a 


oo 
— 


814.1} 29.2) 8.2 
979.4) 15.1} 105.0 
413.5} 26.4) 133.8 
873.9] | 24.5) 251.0 
212.5} 20.7} 200.7 
1133.8} 11.3} 48.1 
330.6} 18.8) 26.4 
1215.6} 7.5} 236.6 
779.4| 4.7) 46.9 
708.6} 137.0) 15.1 
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*First leaching was made after 14 days incubation. 


give the analyses of the leachings and extracts on the first series of experi- 
ments of alkali soils. 

The data in these tables consist of two classes: one on the leachings, the 
other on the extracts. The first class gives the data on the actual amounts 
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of salts capable of being leached out. The second class presents the data 
on the changes which took place in the soils on account of the treatment. 
The extracts were prepared at the same time that the leaching operations 
were carried out. While not strictly comparable, because of the different 
conditions in the small flower pots and the large earthenware pots, the data 


TABLE 9 


Analyses of leachings from pots after 140 days incubation: first series* 


PARTS PER MILLION IN DRY SOIL 
AMOUNT 


LEACHED " 
THROUGH as . 
HCO: SiO. Ca K 


S as 
sulfates 


cc. 


20 : 37.4 | 2759 ; 6.2 
210 : 35.5 | 4063 ; 227.3 
205 : 27.5 | 2669 : 141.0 
195 1352. 12251 : 195.1 
205 i 26.4 | 3270 : 174.1 
110 ! 24.0 | 2947 : 101.5 
205 : 38.7 | 2787 : 138 .2 
145 2 28.6 | 2137 28.3 

65 : 14.1 | 1677 62.2 

10 : 14.1 | 1315 : 11.8 


1359.0 | 286.6 
2496.0 | 796.8 
1762.0 | 837.7 
1294.0 | 568.4 
2137.0 | 1008.0 
1795.0 | 585.8 
1629.8 | 626.7 
925.9 | 154.3 
900.7 | 308.6 
568 .4 4 
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*Some of the pots apparently absorbed some of the salts as indicated by the crust-like 
formation on the outside. 


TABLE 10 


Analyses of alkali soil extracts after 140 days incubation: first series 


LABORATORY PARTS PER MILLION IN DRY SOIL 
NUMBER 


OF TREATMENT C as HCO Ca S as sulfates 


340.8 601.7 
1443.6 1717.4 
1283 .2 1695.6 
1984.9 2187.8 
1644.1 2133.1 

862.1 1312.7 

721.8 1285 .3 

280.7 820.4 

501.2 1586.2 
340.85 574.3 


— 
mm OONA Nk WD 


on the leachings and extracts from the same incubation periods help to reveal 
the conditions existing and changes produced in the soil because of the treat- 
ments. 

We shall take up the fate of the various elements and compounds in the 
extracts as they are influenced by the treatments. 
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CHANGES PRODUCED IN THE VARIOUSLY TREATED SOILS AS REVEALED BY 
THE EXTRACTS AND LEACHINGS OF THE FIRST SERIES OF EXPERIMENTS 


Reaction 


After 14 days of incubation the oxidation of sulfur had proceeded far enough 
to increase the hydrogen-ion concentration of the extracts very markedly. 
The alum, because of its acid character, also increased the hydrogen-ion con- 
centration of the extract; its power in this respect being equal to that of 2000 
pounds of sulfur. After 60 days the reaction shift was still more noticeable 
in the soils treated with sulfur. Even the 2000-pound application (table 5, 
no. 6) shows a pH reading of 7.7 against pH 8.8 in the untreated culture. 
On the other hand it is worth while to note that the alum-treated culture 
(no. 8) has a pH reading of 8.6, very close to that of the control. Apparently 
the buffers present in the soil have overcome the little acid present in the 
alum. The possible reactions of the alum with reference to increase or de- 
crease in hydrogen-ion concentration were discussed in the previous paper 
(5, p. 401, also 6, p. 26). After 95 days of incubation a general shift of the 
reaction towards the acid side was apparent. Even the control came to a 
point where only traces of carbonates could be detected. The reason for that 
shift could be explained only on the basis of displaced equilibrium. Again 
the alum treatment without the sulfur showed practically no effect on the 
reaction at this period of incubation. It is worth while to mention the 
beneficial effects of the combined alum and sulfur treatments up to a certain 
point in the incubation periods (no. 9) and the gradual disappearing of these 
effects upon further incubation. It corroborates the data on the physical 
effects (5, p. 402); the same explanation may be offered in this connection. 

Turning our attention to the data on the leachings it will be noted that 
the tendency of the reaction confirms the data’ on the extracts. 

Another point worth mentioning is the effect of the peat on the reaction. 
The changes produced do not warrant any definite conclusions. There is a 
tendency towards less alkalinity; it may be due to the utilization of the Na,COs 
in the peptization of the organic matter. 


Carbonates and bicarbonates 


It has already been pointed out that the carbonates and bicarbonates in 
the untreated cultures are not a constant value, the velocity of the reactions 
changing from left to right and vice versa. For this reason we find the amount 
of carbonates and bicarbonates shifting from time to time. On the other 
hand, the treated cultures showed a progressive disappearance of the car- 
bonates and bicarbonates. After 14 days of incubation the 6000-pound 
sulfur treatment (no. 4 and 5) showed no trace of carbonates; over 60 per 
cent of the bicarbonates also disappeared. In the case of the sulfur treat- 
ment the sulfuric acid formed, which is the driving force of the reaction, 
prevents reversion. One of the end products is carbonic acid which upon 
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decomposition may unite with the cations of the zeolitic portion of the 
soil and form carbonates again; however, in the presence of sulfuric acid the 
newly formed carbonates disappear again. The reactions may be expressed 
in the following equations: 

(1) R—CO; + H,SOQ, = R—SO,+ H,O +CO; 


(2) Replaceable cations + CO, = R—COs; 
(3) R—CO; + H.SQ, = R—SO, + H,O + CO, 


After 60 days, even with the 2000-pound application of sulfur, no traces of 
carbonates could be found and about 40 per cent of the bicarbonates dis- 
appeared. In general the rate of disappearance of the carbonates and bi- 
carbonates is increased with the increase of sulfur. Unquestionably the 
physical improvement of the soils is largely due to the disappearance of the 
carbonates which peptize the colloids and thus bring into play all the ob- 
jectionable features of colloids in alkali soils. 

The influence of alum treatment on the alkali soil carbonates and bicar- 
bonates illustrates again the contention that its effects are marked in the 
beginning, but gradually disappear. It will be noticed that after 140 days 
with the alum treatment (no. 8) only 30 per cent of the bicarbonates dis- 
appeared. The combined alum and sulfur treatment (no. 9) is not better 
than the sulfur alone. It will be recalled that from the standpoint of col- 
loid coagulation the combined effect was greater in some cases than the 
arithmetic sum of either treatment. The peat treatment did not demonstrate 
any very marked changes in the combating of the carbonates or bicarbon- 
ates. Some decrease in the bicarbonates was the general tendency. As 
mentioned before the solvent power of the NagCO; on the peat apparently 
decreased the amount of bicarbonate. Another feature which should not 
escape our attention is the variation in adsorption of the various cations and 
anions at the different incubation periods. The variability of the total 
carbon as carbonates and bicarbonates at the various incubation periods 
may be explained on the basis of stronger adsorption at these various periods. 
The variations are not only true with the carbonates but also with the other 
cations and anions as shown in the tables. 

The data on the leachings show that the bulk of the carbonates and bi- 
carbonates in the alkali soils are retained. Only 20 to 30 per cent of the 
carbonates and bicarbonates are washed out by leaching. Of course in this 
first series the flower pot cultures used for leaching and the large earthen- 
ware pots used for extracts are not strictly comparable. As pointed out 
the flower pots absorbed some of the salts since the paraffin treatment did not 
fully prevent this. 


Chlorides 


The data on the chlorides in the extracts show that even chlorine, one of 
the most easily extractable anions, does not always behave in the same way. 
After 14 days we find that in some treatments the chlorides were held back. 
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A very strange phenomenon may be noticed after the 60-day incubation 
period (table 5). Only two-thirds or less of the total chlorides present were 
extracted. It is possible that the sampling was at fault.2 The data on the 
90 and 145 days’ incubation show no sharp variations. The discrepancies 
may be explained on the basis of increased or decreased negative adsorption. 
Some of the variations may easily be ascribed to the deterioration of the 
paraffin coating of the pot, which facilitated absorption by the porous clay 
walls. In general the treatments have little influence on the behavior of 
the chlorides in the soil. 

The data on the leachings (tables 2, 4, 6, 9) show that the chlorides lend 
themselves to such treatment, e.g., thev are not strongly adsorbed and may 
easily be leached out. Even the control cultures with a relatively low leach- 
ing capacity gave up about the same amount of chlorides as the treated 
cultures. With only 20 cc. of leachings the control culture after 140 days 
(table 9) shows the same amount of chlorides as some of the treated cul- 
tures which leached through ten times the amount. 

The peat treatment showed no influence whatsoever on the course of the 
chlorides either in the extracts or in the leachings. 


Silica (SiO2) 


It has been pointed out (5) that one of the chief colloids present in alkali 
soils is the silica. In the course of the work a number of difficulties have 
arisen in connection with the attempts to determine the SiO: in the extracts. 
The chief trouble was due to the failure of the methods to give constant © 
results. At times the extracts had more suspended colloidal material, at 
times less, although the same methods were used. Of course soil colloids do 
behave in that way, but still many of the inconsistencies must be cred- 
ited to the imperfection of the methods. 

On examining the data on the SiO, it will be noticed that large amounts 
appear in the extracts from the control culture. The sulfur-treated cultures 
show only small amounts of silica in solution. The decrease is undoubtedly 
due to the coagulation of the silica colloids. The alum-treated cultures 
with or without sulfur accomplished just as good results as the sulfur treat- 
ments. It is very probable that part of the aluminum united with the silica 
forming the insoluble aluminum silicates. Again we must record the very 
insignificant réle of peat in coagulating or adsorbing the silica colloids. 

The leachings show that the SiO, is tenaciously held by thé untreated 
soils, only very small amounts being leached out. We must keep in mind 
the fact that the untreated cultures did not permit efficient leaching; even 
in the treated cultures the per cent of SiO2 leached out is comparatively small. 


? The sampling of alkali soils is quite a problem due to the accumulation of the salts at 
the surface. Generally the samplings were made by boring in several places with a brass tube. 
This method was found to be satisfactory when done before any salt crust could be seen on 
the surface. 
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The inconsistencies apparent from some data in the tables are due to the 
imperfection of the methods; the general tendency, however, is as outlined 
above. 


Calcium 


Even the water extracts of the control cultures contain some calcium. 
Although the extractions were made uniformly in the same manner, still the 
amount of calcium extracted was different at every extraction. The reason 
for this phenomenon may be found in the well known equilibrium displace- 
ment, which may occur in the system alkali soil—soil solution. The com- 
pounds which calcium forms in the alkali soil solution are, of course, problem- 
atic. From the nature of chemical reactions we should expect the calcium 
to precipitate. From solubility studies, we know that the most probable 
insoluble compound under the conditions would be CaCO;. In 100 cc. of 
water only 0.00052 gm. of Ca as CaCO; may be found at room temperature 
while actually after 60 days the control cultures showed 0.00479 gm. of Ca 
in 100 cc. of extract. There was over nine times as much Ca in solution as 
could be if all had been in the carbonate form. Bicarbonate is of course not 
excluded; it is, however, more logical to assume the presence of ‘gypsum, 
since the soil solution contains an abundance of sulfates; it is very likely 
that the sulfate and carbonate are found in a condition of displaced equilib- 
rium with the sulfate in the lead. In 100 cc. of solution it is possible to 
have 0.0529 gm. of Ca as gypsum or about ten times as much as was actually 
found. However, in such analyses we must keep in mind the soil solution 
with its reaction power due to the presence of various salts on one hand and 
the small concentration of the solvent on the other. The soil solution of 
the alkali soils is rich in chlorides and it is possible that some calcium exists 
in alkali soil solution as chlorides. The oxidation of sulfur brings into solu- 
tion more calcium; the amount increasing with the increase of sulfur ap- 
plication. The question arises: where does the calcium come from? That 
it is not present in the form of carbonates that became soluble with the oxi- 
dation of the sulfur may be deduced from the pH readings, also from the 
data on the magnesium, a discussion of which is to follow. The total carbon- 
ates present are not sufficient to take care of the calcium as carbonates. 
The explanation must be sought in the replacement process in the zeolitic 
portion of the soil due to the high coefficient of absorption of the hydrogen 
from the sulfuric acid. 

With the advance of the period of incubation the ratio of calcium brought 
into solution to sulfur oxidized is narrowing. For the first 60 days the ratio 
of calcium to sulfur was about 1 to 5; after 95 days the ratio was about 1 
to 2 and after 140 days it was 1 to 1 and even lower in the cultures with 
large amounts of sulfur. The narrowing of the ratio of calcium to sulfur 
indicates that with the increased period of incubation the efficiency of the 
hydrogen ions from the sulfuric acid as a replacing agent is increased. The 
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explanation is fairly simple; in the first period of incubation there are in the 
soil solution a number of compounds capable of reacting and, of course, 
these are first to be attacked by the sulfuric acid. When the compounds in 
solution [in our case the soluble carbonates and colloids mentioned (5)] have 
been acted upon, the hydrogen ions are free to react with the zeolitic portion 
of the soil which then plays its part in the replacement process. As a result 
we get more calcium replaced in the later periods. These reactions have to be 
considered in any of the quantitative studies of cation replacement, such as 
the Gedroiz method (2). It is strange that this careful investigator left 
out these reactions in his studies. It is very likely that at this point all 
of the zeolitic calcium was replaced. The question naturally arises whether 
such a course is desirable in this particular alkali soil? The replacement of 
the calcium with hydrogen brings about, what Gedroiz calls, an unsaturated 
condition, it forms a hydrous aluminum silicate; this condition theoretically 
forces the alkali soil to an acid condition. It is a question which is very closely 
connected with the possible influences of the composition of the irrigation 
waters and the salts coming up from the lower horizons. From the data 
on the sodium content of these soils it seems that such salts come from below 
to the surface horizon. Even though the sodium has not a high coefficient 
of adsorption, when present in large amounts it will eventually replace the 
hydrogen ions and form a sodium alkali soil, especially after all the sulfur 
has been oxidized. However, under the conditions existing in the soil solu- 
tion with appreciable amounts of calcium, it is very likely that the calcium 
after having been first replaced by the hydrogen will get back first into the 
zeolitic portion and the sodium may be washed down again, since the soil 
will be permeable to water. When left alone at this stage the alkali will 
come back, since an accumulation of sodium salts will produce again a sodium 
saturated zeolite, but if the alkali soil colloids may be kept down by small 
applications of sulfur, the washing out of the sodium salts will keep the soil 
in good condition. Of course this mode of treatment is problematic and if 
applicable it is adapted only to this particular soil under investigation. The 
knowledge of the replaceable cations in the zeolitic portion is of prime 
importance. . 

The condition of the alkali soils under investigation as revealed by the 
calcium and other data may be summed up from the standpoint of the theo- 
ries advanced by Gedroiz as follows: The presence of the calcium as the 
chloride is not desirable and the washing out together with the sodium salts 
brings about a favorable condition for the formation of calcium carbonate 
and sulfate in the soil; this comes about with the further replacement of the 
calcium and sodium from the zeolitic portion. When left alone the calcium, 
which has a higher coefficient of adsorption than the sodium, will tend to 
enter the zeolite again. This will be possible after the driving force of the 
reaction, the hydrogen ions of the sulfuric acid, cease to be in excess. 
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The presence of larger amounts of calcium in solution is beneficial from 
another standpoint. The calcium, as pointed out by the studies of Loeb 
(7) and Osterhout (8) counteracts other injurious influences; in this case the 
soluble sodium salts. After washing out the soluble salts, an addition of 
lime—preferably burned lime—will increase the driving force of the calcium 
ion and the zeolites will get back the calcium. At this stage the colloids 
will be coagulated through the combined action of the hydrogen which is 
to come from the unsaturated zeolite and the soluble calcium in solution. 
This will, as pointed out, facilitate the leaching out of the undesirable sodium 
salts, which have the tendency to increase the colloidal fraction of the soil. 

When we examine the leaching data we find that on the average not more 
than about 15 per cent of the calcium was leached out. This is very sig- 
nificant: the réle this calcium is to play in the soil solution, after the al- 
kalinity has been destroyed and the soluble salts washed out, is very im- 
portant, as pointed out above. 

A glance at the analyses of the extracts and leachings show that the alum 
has no power of replacing the calcium: the alum extracts do not show more 
calcium than the control cultures. There is, however, the possibility that 
on account of the low hydrogen-ion concentration of the alum-treated cul- 
tures, the replaced calcium formed calcium carbonate and exists as such. 
The importance of the reaction in the replacement process has not been 
studied. Even Gedroiz overlooked this extremely important factor. 

In table 8 we find the data on the second leachings; the figures on the cal- 
cium from these leachings show that there was practically the same amount 
of calcium as in cultures which have been leached for the first time at about 
the same period of incubation. This would seem to indicate that the cal- 
cium as shown in the data on the extract does not represent the calcium in 
the soil solution; it is rather the calcium soluble in the amount of water used 
for extraction. The leachings do not give the true value for the calcium in 
the soil solution; they only show the amount of calcium capable of being dis- 
solved in the amount of water used in the leaching operations. This may be 
inferred from a comparison of the calcium leached out the first time (table 2) 
and that leached out the second time (table 8). If we only remember the 
leaching capacity of the cultures at the two different periods as judged from 
the number of cubic centimeters leached through, we can easily see that the 
amount of calcium is about the same in both instances. The dynamic nature 
of the system (soil plus soil solution) and solubility studies predict such 
behavior. This phenomenon has a bearing on the practice of leaching in 
the field. It would seem that one leaching would be sufficient, since the 
calcium continues to come out from the zeolites and since the sulfur con- 
tinues to oxidize even without leaching. There is, therefore, no necessity 
of further leaching and thus wasting plant-food. Greaves, Hirst and Lund 
(3) point out among other things that the phenomenon of non-productivity 
noticed on alkali soils after leaching may be partially due to the lack of phos- 
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phorus. There may be other factors, however, which would favor a leaching 
at an early period first and another one at a later period. 

The unusually high calcium content in the second leaching of the alum-treated 
culture (no. 8) is very peculiar. It is the only case where the alum shows 
such a high replacement power. It may be argued that after leaching the 
calcium had a better chance to come out from the zeolitic portion. It seems 
as if the presence of the alum prevented the replacement of the calcium. This, 
however, has still to be proved. 


Magnesium 


A critical examination of the magnesium in the extracts seems to show 
that this particular soil has not much if any replaceable magnesium in the 
zeolitic portion. In other words this alkali soil is not a magnesium alkali 
soil, following the nomenclature of Gedroiz. The slight increases of the 
magnesium content in the extracts are insignificant as compared with the 
calcium increases as the period of incubation is advanced. The leachings 
show that only very little of the magnesium is washed out. _ The fact that 
the magnesium content does not increase even in the cultures with the high- 
est amount of sulfur seems to show that it does not exist as the carbonate. 
It also suggests the same condition for the calcium. 


Phosphorus 


The data on the phosphorus do not throw much light on the subject. The 
oxidation of the sulfur seems to put the phosphates into an insoluble state. 
Apparently, the organic material as it is dissolved by the soda, carried much 
organic phosphorus. As the colloids are coagulated and the peptization of 
the organic matter by the soda ceases, the phosphorus content is decreased. 
The alum does not show any variations in the phosphorus content, except in 
the first period of incubation (14 days). The coagulation effect of the alum 
at this time is responsible for the diminution of the phosphorus in solution. 
It could not be the interaction of the aluminum with the phosphates, since 
the latter exist in organic form. 


Sodium 


We are to consider the element which is generally looked upon as the 
chief injurious agent in alkali soils. It has been shown already that accord- 
ing to the most recent knowledge on the subject of alkali soil formation the 
origin of such soils is to be sought for in the replaceable cations of the alumino- 
silicate complex known as zeolites. The salinizing process which may take 
place in one or more horizons of the soil profile for one or more reasons satu- 
rates the zeolites with some cation and this cation determines the nature of 
the alkali soil. It may also happen that two cations are responsible for the 
process. This salinizing process is followed by a desalinizing period at and 
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after which the soda appears; the appearance of the soda indicates that some 
sodium may be present in the zeolitic portion. As stated above this does 
not exclude any other cation. From the data on the calcium it was concluded 
that the soil under investigation was saturated with calcium in the zeolitic 
portion; thus the soil is undoubtedly partially a calcium alkali soil. 

The data on the sodium from the extracts of the first series are available 
for one period of incubation only; still the reactions may be well inferred: 
there is an increase in the sodium content of the extract amounting to 50 per 
cent in the 6000-pound sulfur application. It is a great deal less in the other 
treatments. We can safely infer, however, that there is an increase in the 
sodium content with the advancement of the incubation period. Therefore, 
it seems that at least in its make-up the soil under investigation is not a 
purely sodium alkali soil. The presence of the large amounts of soluble 
sodium may be due to the fact that this soil is in process of desalinizing ac- 
companied by the formation of soda, or more likely just the reverse may 
be true, i.e., the sodium is just beginning to invade the soil. 

The data on the leachings show that sodium is leached out in appreciable 
amounts. Fifty per cent or more of the sodium is leached out with the first 
leaching operation. The figures in the first series are not so reliable since 
the walls of the clay pots have undoubtedly absorbed considerable of the 
soluble compounds. 


Potassium 


The potassium as revealed in the data is not of any great moment in the 
alkalinity of the soil investigated. The oxidation of sulfur does not increase 
the amount of potassium in the extract; apparently there is no zeolitic po- 
tassium to be replaced. The leachings show that potassium is not held 
back in this soil. 


Sulfur 


The initial high concentration of sulfates did not prevent the oxidation 
of the added sulfur. This may be judged from the data on the sulfates in 
the extracts. The rate of oxidation has been given in a previous paper (6) 
and need not be repeated here. In general it will be noticed, that with the 
higher applications of sulfur the advantages gained by the exchange of cations 
in the zeolitic portion are greater, e.g., more of the replaceable cations are 
forced out. As already mentioned it is the hydrogen ion of the sulfuric 
acid formed that is responsible for the replacement, having a high coefficient 
of adsorption. As the sulfates increase, the chances for the formation of 
gypsum and sodium sulfates (provided our supposition of the calcium-sodium 
alkali soil is correct) rather than calcium carbonate and sodium carbonate, 
are also increased. In any alkali soil the advantage of the presence of sul- 
furic acid consists in the combination of the sulfate radical with the replaced 
cations, preventing the formation of carbonates. The reactions involved 
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were given in the section on the carbonates and bicarbonates. Mention 
should be made of the reactions taking place in solution before replacement 
takes place. As pointed out (see p. 140) the replacement brings out cations 
which may combine with the CO: from the decomposition of the original 
carbonates present and other sources such as soil, air and decomposition 
products of the soil microbial flora. The distinct advantage of the sulfur 
as compared with gypsum lies in the formation of carbonic acid which is 
easily broken down as may be seen from the equation (see p. 140). When 
all of the replaceable cations are out from the zeolitic portion we should have 
an unsaturated soil, i.e., one which has replaced in the alumino-silicate com- 
plex all the replaceable cations by hydrogen.’ Such a soil should be a true 
acid soil, but it is questionable whether it would be desirable to bring about 
such a condition. From the data on the second leachings (table 8, no. 
6 and 7) we are justified in assuming that the 1-ton application of sulfur 
is not sufficient to replace all the cations in the zeolitic portion. The reaction 
of these leachings shifted back towards alkalinity, indicating that after the 
excess of the soluble sodium salts has been washed out by the first leaching 
more of the replaceable cations left the zeolitic portion, to form carbonates. 
Since all the sulfur has apparently been oxidized there was no more sulfuric 
acid to react with the carbonates. The reduction of the amount of soluble 
sulfates allows the formation of the carbonates. 

A clearer understanding of this phenomenon will be brought out when we 
analyze the data on the second series. 

The data on the leachings are significant inasmuch as they show that as 
soon as the colloids are coagulated and leaching operations are facilitated 
50 or more per cent of the sulfates are leached out. 


Nitrogen 


The soil under investigation is poor in nitrogen, the total content being 
0.0479 per cent. It is rich in nitrates and the soluble nitrogen is thus fairly 
high, amounting to about 25 per cent of the total. The action of the sulfur 
is to decrease the amount of soluble nitrogen in the extract. The decrease 
is undoubtedly due to the coagulation of the organic colloids which are rich 
in nitrogen. The leachings seem to carry much of the soluble nitrogen and 


3 The theory of base exchange as outlined for the zeolites through the replacement 
of their cations by the hydrogen-ions of the sulfuric acid presents a new aspect of soil 
acidity. We may picture it as follows: a soil becomes acid when its zeolitic portion 
(the portion capable of exchange) is saturated with hydrogen, and there are no more 
basic substances to be replaced and come out in solution. Only then will free acids 
(mineral or organic) or acid salts appear in the soil solution. Uutil then no real acid- 
ity, i. e. free acids, is possible. The zeolites partially saturated with hydrogen may 
show acidity when treated with neutral salts. In this case the replacement process de- 
scribed in this paper takes place; in other words, the cation of the neutral salt replaces 
the hydrogen. These considerations have been suggested in the course of the alkali soil 
investigation and are now being looked into. 
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the losses should be taken care of when the soil is ready for cropping. The 
best forms of nitrogen to apply would be the organic forms and ammonium 
sulfate. Experimentation in this direction will determine the best method 
of procedure. 


Peat 


In analyzing the behavior of the various cations and anions in the dif- 
ferently treated alkali soils, mention was made of the influence of peat in 
alkali soil treatment. The peat did not have any striking effects. In gen- 
eral it would be expected that the humates and the cations combined with 
them would react with the cations present in solution and thereby have an 
effect on the replacement process in the zeolitic portion and also on the gen- 
eral shift of the cations. It is known that the cations in the humates are 
in loose combination. Examining the tables on the extracts and leachings one 
may note that up to the higher periods of incubation the calcium is greater 
in the cultures treated with peat in combination with sulfur. The reverse 
is true with the alum treatment and peat, or the peat alone. The authors 
suggest the possibility of replacement of calcium in the humates by hydrogen 
from the sulfuric acid augmenting the total amount of calcium. 

Gedroiz (1) stresses the point of similarity between the cations of the 
zeolites and the humates, and the facts on hand are in accord with the theory. 
As the period of incubation advances there is apparently no more calcium 
to replace. On the other hand, alum treatment with peat and the peat alone 
apparently caused none of the calcium to be replaced. If the course of 
reaction with the peat as outlined is true, then there is some advantage in 
adding the peat. Moreover, the peat serves as a buffer taking up some soda, 
reducing temporarily the alkalinity. This may be noticed from the data on 
the carbonates. 
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SUMMARY 


In summing up the result of the first series of experiments this may be 
said: the 2000-pound sulfur treatment is not sufficient to bring about a com- 
plete transformation of the alkali soils. The sum total of hydrogen ions from 
2000 pounds of sulfur available for replacement of the zeolitic cations and 
neutralization of the existing and potential soda is not sufficient. The alum 
has some merit, especially in combination with sulfur. This point will be 
discussed more fully when the second series of experiments is taken up. 

The evidence on hand seems to point to the calcium-sodium character of 
the particular alkali soil under investigation. The soil is probably in pro- 
cess of desalinizing or more likely in process of formation. These postulates 
are based on the theories advanced by Gedroiz. 

In the next and last paper the data on the second series of experiments 
will be taken up; the results of the effect of the treatments on some of the 
biological activities will be brought out; and also some vegetation experiments 
will be reported. 
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In a recent paper we have shown that solutions obtained from soils by a 
process of water displacement have many of the properties which the true soil 
solution should possess (2). Briefly stated: 


a. The freezing-point depressions of such solutions are approximately equal to those 
obtained by direct determination upon the soils from which they are respectively derived when 
the soil displaced contains relatively large amounts of water (i.e., amounts optimum for 
plant growth). 

b. Successive increments of solution from a given displacement have equal concentrations 
of electrolytes up to the point where dilution by the displacing water occurs. 

c. There is an inverse relation between the concentrations of total electrolytes and of 
some of the dividual solutes in the solutions obtained and the initial moisture contents of the 
soil as packed in tubes prior to displacement. 

d. Concentrations of solutes in the displaced solutions are the same as those computed 
from water extractions for those constituents for which water extraction is a valid criterion 
(i.e., for substances—nitrates and chlorides—which are presumably always completely 
dissolved in the water of the soil when the latter contains amounts of water adequate for plant 
growth). 

e. Concentrations of solutes in the displaced solutions are generally lower than those 
computed from water extractions for those constituents for which water extraction pre- 
sumably gives too high results (i.e., for substances which are presumably present in part in the 
solid phase). ' 


The above-stated facts and relations leave little doubt that such displaced 
solutions are substantially identical with the true soil solution of soils contain- 
ing considerable moisture (conventional optima for plant growth). A difficulty 
presents itself, however, with respect to soils containing smal] amounts 
of water. Thus, while we have found, as stated above, that the freezing- 
point depression determined directly upon the soil is approximately equal to 
that of the displaced solution at high moisture contents, a similar agreement is 
not obtainable in soils at a low degree of moisture. It is therefore evident 
that either the freezing-point depression or the displaced solution from soils 
containing small amounts of water is defective as a measure of the soil solution. 
We have shown, however, that there is an inverse relation between total 
concentrations of electrolytes in the displaced solutions and the initial moisture 
contents of the soil. This latter result is what we should expect if all of the 
water of the soil is effective as a solvent and if no solutes are removed from the 
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liquid phase by a decrease in the moisture content of the soil. Other evidence 
indicates that while there is some removal of solutes from the liquid phase 
with decreased moisture, such removals are relatively so small as to have 
little effect in disturbing the inverse relation of total concentration and mois- 
turecontent. This relation and the agreement in freezing-point depression of 
displaced solution and soil at high degrees of moisture suggests an equivalence 
of the displaced solution and the true soil solution at body high and low mois- 
ture contents. The discrepancy between the freezing-point depression of the 
soil at low moisture contents and that of the displaced solution, deprives us 
of the evidence which would tend to make conclusive the proof of an absolute 
identity of displaced solution, and soil solution but does not negative such a 
conclusion. Rather do the facts suggest that the discrepancy is due to the 
inadequacy of the freezing-point depression made directly on the soil at low 
moisture contents as a measure of the concentration of the soil solution. 

Much other evidence, based upon careful studies of the qualitative and quan- 
titative composition of displaced solutions and water extracts, tends to confirm 
our general conclusion. A theoretical difficulty presents itself in that it is 
impossible to conceive of such a thing as a physical partition between liquid 
and solid phase without disturbing the equilibrium as it exists in the soil. 
Even so, it by no means follows that changes in the liquid phase during the 
process of displacement are of substantial magnitude. In the light of all of 
the facts, the writers are of the opinion that the differences in total toncentra- 
tion and composition of electrolytes in the true soil solution from those of 
displaced solutions which satisfy certain criteria we have set up (2), are so small 
as to be without significance in terms of the capacity of the soil to produce 
crops. 

Assuming the adequacy of the displaced solution as a measure of the true 
soil solution, it is evident that we have at our disposal a more accurate means 
of ascertaining the condition of the soil and the effect of environmental con- 
ditions upon its soluble matter, than has hitherto been available. The oppor- 
tunity is thus presented of confirming in a definitive manner the conclusions 
based upon the results of water extractions (6) and of extending our knowledge 
by the measurement of those changes in the soil which are otherwise impercep- 
tible. If our assumption is correct, it should, for example, be an easy matter 
to confirm substantial variations in the displaced solutions obtained from 
cropped soils at the beginning and end of a period of years and even of a single 
season, thus measuring the effect of crop withdrawals and other factors upon 
the soil solution. 


1 The discontinuous character of the soil film in soils of low moisture content has, for some 
time, appeared to the writers as the indirect cause of freezing-point aberrations in such soils. 
Recently, through the courtesy of D. R. Hoagland, we have learned of certain verbal sugges- 


tions of E. A. Fischer which appeal to us as affording a reasonable explanation of such 
aberrations. 
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Since the importance of the displaced solution has only recently become 
recognized, it is obvious that sufficient time has not elapsed to permit of the 
accumulation of the evidence as to changes in displaced solutions obtained 
from a single mass of soil over a period of years. We happen, however, to 
have at hand a number of different soils collected in 1915, each of which was, 
at that time, made physically homogeneous by sieving and mixing, and then 
divided into three large (1800-pound) portions. Each of these portions has 
been continuously maintained under different conditions of treatment for 8 
years. 

One portion of each soil has borne a crop of barley every season; one portion 
bore a crop the first year (1915), but has lain fallow during all succeeding years; 
and the third portion has been kept in the air-dry condition and stored in 
tightly covered bins for the entire period. The justification for presenting 
this paper and for its title is the belief that the air-dried portions of soil have 
remained practically unchanged and that the data recently obtained from solu- 
tions displaced from such portions represent the condition of the soils from 
which they were respectively derived at the time they were first assembled. 

If this is true, it is evident that we may legitimately compare the data 
recently obtained by displacement from the various portions of each soil to 
determine the effect of time and cropping upon its qualitative and quantita- 
tive composition. For convenience, we shall refer to the portions of soil which 
have been continuously cropped as “Cropped Soils (A)’’: to those which were 
cropped in 1915, but which have subsequently lain fallow as ‘“‘Fallowed Soils 
(B)”; and for the portions kept in closed bins as “Air-Dry Stored Soils (S).” 

All soils were sampled and displaced, and the displaced solutions analyzed 
in the spring of 1923. At the time of sampling both the fallowed and stored 
sets of soil were very dry and it was of course necessary to add water and permit 
the soils to come into equilibrium therewith before conducting the displace- 
ments. The cropped soils (A) had had the maximum opportunity to recuper- 
ate from the effects of crop withdrawals during the preceding season. The 
differences observed in the displaced solutions of these soils from those of 
their fallowed and air-dry duplicates, may reasonably be ascribed to the 
treatment (i.e., cropping) for the entire 8 years and not to seasonal variation. 
The effects of seasonal variation are shown by other data presented hereinafter. 

The data for the 8-year period are given in table 1. 

It will be observed that the moisture contents of the fallowed and stored 
portions are fairly uniform for each soil, but that the cropped portions were 
for the most part displaced at considerably lower moisture contents. Since 
the concentration of displaced solutions varies with the initial moisture con- 
tent of the soi!, only the most general comparisons can be made from the 
original data without allowance for the effects of the different moisture contents 
of the cropped soils. Such a calculation to uniform moisture content involves 
the assumption that the concentrations of each constituent are in an exact 
inverse proportion to the moisture contents of the soil, which is not strictly 
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true. Hence it is desirable to bring out a few facts from the original data 
before making the conversions necessary to the further discussion. The limi- 
tations of the calculations to uniform moisture content will be discussed in 
their proper place. 

TABLE 1 
Displaced solutions from cropped (A), fallowed (B), and air-dry stored (S) soils after 8 years 


| PARTS PER MILLION OF DISPLACED SOLUTIONS 


SOIL |MOISTURE| pH 
NO; |HCOs| Cl SO, | PO, | SiOs | Ca Mg Na K_ | Total* 


per cent 


7A 10.7 | 7.4 174) 83 0; 655 | 1.1) — | 283 | 106) 49] 24 | 1375 
7B 16.8 | 7.6 | 1696} 73} 52 | 432} 1.2} — | 640 | 128| 71] 36 3129 
7S 16.0 | 7.2 | 1468} 69 | 313 | 184) 3.3) 38 | 547 | 112 | 123 | 39 | 2806 
8A 9.6 |°7.4 274; 93 0 | 633 | 2.5) — | 267} 93] 31] 20] 1414 
8B 15.1 | 7.0 | 1746} 59] 40) 432!) 4.0) — | 573 | 155 | 66] 75 | 3150 
8S 14.7 | 6.9 | 2182) 77 | 260 | 451 | 7.2] 61 | 539 | 204 | 156 | 156 | 4093 
9A 4 | 7.6 | 160} 73 0] 432 | 0.9) — | 213 | 75) 27 | 12| 993 
9B 7.6 | 947] 63} 36] 420) 1.2) — | 460} 93] 53] 29 | 2102 
9S 5.1 | 7.3 | 680} 46} 372 | 184| 2.9) 33 | 380] 75] 88] 21} 1882 
10A i330 V2 230} 40 0 | 360; 1.2) — | 187 | 145| 23] 33 1019 
10B 18.0 | 7.0 | 1704) 34} 32) 348) 2.1) — | 547 | 136 | -47| 74 | 2924 
10S 18.5 | 6.8 937| 34 | 348 | 148 | 4.0) 51 | 360) 91] 115 | 89 | 2173 
11A i220) 4 Bee 166} 160 0 | 645 | 3.3) — | 213 | 93] 84] 39] 1403 
11Bt 


11S 15.5 | 7.8 | 1049] 171 | 367 | 344 | 12.1] 49 | 407 | 128 | 203 | 100 | 2830 


12A VD Nae 115} 40 0 | 281 | 2.3) — | 120} 46]; 27) 13] 644 
12B 14.8 | 7.0 | 1503} 34] 40 | 337; 0.3} — | 585] 151] 60] 45 | 2755 
12S i.1 | v3 208} 39} 80/170] 3.1) 48 | 145] 48] 52] 30] 823 
i4A 18.0 | 8.0 146} 107 0 | 295 | 1.3) — | 140| 47| 56) 45] 837 
14B 17.9 | 7.4 | 1766] 54} 60 | 397 | 1.7) — | 547 | 139 | 85 | 118 | 3168 
14S 3.5 1 7A 779; 78} 100 | 188 | 4.3) 54 | 290] 91] 74] 89 | 1747 


* Sum of determined solutes. 
ft Soil not available for study. 


The reader will observe from an inspection of table 1 the more obvious 
effects due to the different conditions under which the soils have been 
maintained and to the effects of cropping. Briefly, the concentrations of total 
electrolytes, of nitrates, and of several of the individual ions are, for the most 
part, materially decreased by cropping for a series of years, and increased by 
fallowing. Soil 8 constitutes an exception in that fallowing apparently has 
caused a decrease in concentration. This soil, however, has the highest con- 
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centration of any which we have studied, and the changes observed therein 
probably represent a type of effect characteristic of soils in a high state of 
fertility, in that stimulation of biological activities due to the treatment may 
result in diminished concentrations. Such an effect is consistent with field 
results with soils which do not respond to fallowing by increased production. 
Indeed, the stimulation of biological activities induced by too intensive, 
mechanical treatment in the processes of plowing, harrowing, and cultivation, 
are well known to be unfavorable to many sandy soils in the arid region. This 
result is variously ascribed to oxidation of organic matter, loss of nitrogen, 
and decrease in moisture-holding power, but it may also be in part caused by, 
or attended by, diminished concentrations of certain constituents of the soil 
solution. 


CALCULATION TO UNIFORM MOISTURE 


Since our previous studies of several of the soils used in the present work 
show that the concentrations of total electrolytes, nitrates, chlorides, and in 
these soils calcium, in the displaced solution, appear to vary inversely with the 
moisture contents of the soils, we may compute the approximate concentrations 
which would have been present in the displaced solutions from the “‘A”’ soils, 
had these been obtained at the same moisture contents as those of the “B” 
or ‘‘S’’ soils. However, we have also shown in previous work that this inverse 
relation does not hold exactly with reference to certain ions. Thus, when the 
moisture content of the soil is doubled, the concentration of the potassium 
ion in the displaced solution issomewhat more than half that obtained from the 
soil at the lower moisture content. In such calculations involving the potas- 
sium ion, the figures obtained, therefore, will be somewhat lower than the 
truth. They will represent minima which approach the truth to the extent 
to which the inverse relation holds, or, stating it another way, to the extent 
to which solid-phase potassium enters the solution when the moisture con- 
tent of the soil is increased. The data of table 2 are of interest in this 
relation. 

Such great percentage variations require that data to which they apply 
shall be interpreted with caution. It will be shown later (table 3), however, 
that the potassium-ion concentrations in the fallowed or air-dry soils are in 
no case less than 100 per cent greater and are frequently two, three, or four 
times as great as those of the cropped soils. Such differences are clearly due 
to the treatment of the soil and are not assignable to the inadequacy of the 
moisture correction. 

We have also observed heretofore that the magnesium ion in our soils behaves 
in general like the potassium ion, so that the figures corrected for moisture will 
likewise represent minima. No study has yet been made of the sodium ion 
in this relation, but it is highly probable that any cation may, in part, be 
removed from solution by the reduction of moisture in the soil. In this case, 
also, we may, therefore, assume that the corrected figures represent minimum 
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TABLE 2 


calculated 


Potassium ion in displaced solutions at various moisture contents of soil as determined and as 


sor 8 


SOIL 9 


soln 11 


Moisture 


Moisture 


Moisture 


per cent 


p.p.m. 


per cent 


p.p.m. 


per cent 


p.p.m. 


Determined.............. 7.3 250 es 130 8.0 165 

ROMICIREED: . css ss.5) AO 125 15.0 65 16.0 83 

POETEKMMCG, 66. <..-.<. 5-5 14.8 150 14.3 85 16.6 140 

Approximate variation. . —17 per cent —24 per cent —41 per cent 
TABLE 3 


Displaced solutions from cropped (A), fallowed (B), and air-dry stored (S) soils after 8 years 


(Results from table 1, calculated to a uniform moisture basis for each soil) 


PARTS PER MILLION OF DISPLACED SOLUTIONS 


SOIL |MOISTURE| pH 
per cent 

7A 7.4 
7B 16 7.6 
7S 42 
8A 7.4 
8B 14.7 | 7.0 
8S 6.9 
9A 7.6 
9B 15.1 7.6 
9S 3 
10A rf 
10B 18:5 1 72 
10S 6.8 
11A 8.2 
11Bt is 
11S 7.8 
12A 13 
12B 15.1 7.0 
12S i 
14A 8.0 
14B 18:5 | 74 
14S 7.4 


NOs 


116 
1781 
1468 


179 
1798 
2182 


121 
966 
680 


173 
1658 
937 


138 
1049 
92 
1473 
208 
142 


1709 
779 


HCOs*| Cl SO, | PO,* |} SiOs | Ca 
83 0 | 438} 1.1] — | 189 
73 | 55 | 454) 1.2 | — | 672 
69 | 313 | 184 | 3.3 | 38 | 547 
93 0 | 413 | 2.5 | — | 174 
59 | 41 | 445 | 4.0] — | 590 
77 | 260 | 451 | 7.2 | 61 | 539 
73 0 | 326;0.9; — | 161 
63 | 37 | 428] 1.2] — | 469 
46 | 372 | 184 | 2.9 | 33 | 380 
40 0 | 270 | 1.2 | — | 140 
34 | 31 | 339 | 2.1 | — | 532 
34 | 348 | 148 | 4.0/ 51 | 360 

160 0 | 537 | 3.3 | — | 177 
171 | 367 | 344 |12.1 | 49 | 407 
40 0 | 225; 2.3| — 96 
34 | 39 | 330|0.3| — | 573 
39 | 80} 170 | 3.1} 48 | 145 
107 0} 287) 1.3] — | 136 
54] 58] 384) 1.7] — | 529 
78 | 100 | 188 | 4.3 | 54 | 290 


135 


Na K | Total 
33 16 947 
75 | 38 | 3281 

123 | 39 | 2896 
20 13 955 
68 77 | 3242 

156 | 156 | 4093 
20 9 750 
54 30 | 2144 
88 | 21 | 1882 
47 | 25:1 745 
46 | 72 | 2846 

115 | 89 | 2173 
70 | 32 | 1200 

203 | 100 | 2830 
22 10 524 
59 | 44] 2701 
52 30 823 
54 | 44 817 
82 | 114 | 3069 
74 89 | 1747 


* Bicarbonate and phosphate remain as in table 1 (see text.) 
Tt Soil not available for study. 
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values. Preliminary studies of the behavior of the sulfate ion also indicate 
that a portion of the sulfate in some soils is removed from solution at 
diminished moisture contents; the computed figures, therefore, also represent 
minima. 

In the case of phosphate, all of the evidence from displaced solutions and 
water extracts indicates that equilibrium of liquid- and solid-phase phosphate 
is established very rapidly so that changes in the moisture content of the soil 
do not appreciably change the phosphate-ion concentration. Thus phosphate 
concentration is independent of moisture content and no correction is neces- 
sary for thision. The fact that bicarbonate is a weak ion and tends to form 
relatively insoluble carbonates suggests that its behavior should be more like 
’ that of phosphate than of any other ion. We should, therefore, anticipate 
that increasing the amount of moisture would not greatly decrease the concen- 
tration of thision. A careful study of one of our soils (no. 12) gave 73 and 61 
parts per million of the bicarbonate ion in the solution obtained by displace- 
ment when the soil contained respectively 7.4 and 15.0 per cent of moisture. 
The conventional correction for moisture content would, in this case, have 
given results so far from the truth as seriously to vitiate conclusions drawn 
from the data. Since the correction is inapplicable, we have merely repeated 
the original figure for bicarbonate in the corrected tabulation. The figures 
for bicarbonate in the “A” soils (table 3, see also table 5) therefore represent 
maxima. 


EFFECT OF 8 YEARS’ FALLOWING? ON DISPLACED SOLUTIONS 


‘Comparison of results from fallowed “B” with stored “‘S” soils continuously 
maintained in the air-dry condition for 8 years) 


In five out of six cases, the total electrolytes and nitrates in the displaced 
solutions are substantially higher in fallowed soils than in the stored soils. 
In the case of soil 8, an exceptionally productive soil (as shown by crop records 
from the cropped duplicate for the first two years), there is a falling off in total 
concentration of displaced solution in the fallowed portion. The one excep- 
tion, the causes of which are readily accounted for (page 155) does not weaken 
the conclusion that soils in general tend to have increased concentrations 
in their displaced solutions, if they are allowed to remain uncropped under 
conditions somewhat favorable to biological activity (aeration, moisture, 
etc.). It can hardly be doubted that under such circumstances, there is an 
increased concentration of the soil solution and that this result is an important 
cause of increased productiveness when such soils are eventually cropped. 


2 The so-called fallowed soils were actually cropped the first year and cultivated and 
watered the first 4 years. The remaining 4 years, they received no treatment other than 
weeding. Strictly speaking, therefore, the soils were not fallowed in the sense in which the 
word is used in field practice. We have deemed it necessary to use the term as being more 
nearly descriptive of the treatment as a whole than that supplied by any other abbreviated 
expression. 
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When we consider the effect of the treatments upon individual ions, it is 
obvious that these must, in general, follow the total concentration. Inspec- 
tion of the results shows that the five soils which have increased total concen- 
trations due to fallowing, have markedly increased in nitrate, sulfate, calcium, 
and magnesium. 

In all cases, where data are available, the chloride ion not only diminishes, 
but tends, comparatively speaking, to disappear. Since chloride should al- 
ways be present in the liquid phase, except when very high concentrations 
are involved, the cause of loss of this ion is not at first obvious. It should be 
recalled, however, that the ‘“‘B” soils which we are calling fallowed soils for the 
period as a whole, were, in fact, cropped for the first year (see footnote, p. 157). 
The results of numerous investigations in this laboratory and elsewhere testify 
to the ease with which chloride may be absorbed by plants and thus removed 
from soils (4). It seems fair to conclude that the one crop grown on the so- 
called fallow soils has caused the effect observed. It should be noted in this 
connection that after 8 years’ cropping (“‘A” soils), all chloride had been 
removed from all soils. 


EFFECT OF 8 YEARS’ CROPPING ON DISPLACED SOLUTIONS 


(Comparison of results from cropped “A” soils, with fallowed ““B”’ soils and with 
stored “‘S”’ soils continuously maintained in the air-dry condition) 


The extraordinary falling off in concentration of total solutes and nitrates 
in the displaced solutions from the cropped soils is at once evident. With one 
exception (magnesium in soil 10), which we have reason to believe from other 
data represents an erroneous determination,’ all of the cations are lower in 
the displaced solutions from the cropped soils than in those from the stored 
soils by what appear to be significant and in most cases by very substantial 
amounts. That such differences reflect and measure with considerable accu- 
racy the changes which have taken place in the soil solution can hardly be 
doubted. The greatly diminished crops which have been taken from the soils 
during the latter years of the experiment are consistent with, and in our view, 
largely caused by these changes. 

Two features of the changes due to cropping deserve special comment, 
viz., the decreases in phosphate concentration and the increases in sulfate. 
The phosphate results, in so far as we are aware, are unique in that they repre- 
sent fairly accurate measurements by a rational procedure of changes in the 
concentrations of this ion in soils. With the exception of phosphate in 12B, 


$ This discrepancy and the one noted in the following paragraph with reference to phosphate 
was not discovered until our solutions were exhausted. The first is unimportant for the pur- 
pose of our present discussion. The second if literally interpreted involves an unfortunate 
variation from a general type of behavior. Since phosphate behavior in soil is now under- 
going special examination in this laboratory it was not deemed necessary to repeat the work 
on this soil for present purposes. 
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which may be erroneous,‘ the results are absolutely consistent, the stored soils 
having the highest, the fallowed next highest, and the cropped soils the lowest 
concentration, respectively. 

The interesting question arises as to whether the diminished phosphate 
concentrations in the cropped soils are due to withdrawals by the plant or to 
some other cause. As stated repeatedly in the publications of this laboratory 
and as is obvious from any rationa Iconsideration of the chemical properties of 
phosphates, as well as from the results of the extraction of phosphate from 
soils by varied proportions of water, it is clear that phosphate tends to form a 
saturated solution with respect to any particular physico-chemical system. 
Moreover, if from any cause (such as dilution), the phosphate concentration is 
’ changed, equilibrium tends to re-establish itself very rapidly. These con- 
siderations render it difficult to understand why cropping should cause a general 
decrease in the concentration of phosphate in the soil solution unless the change 
is accompanied by substantial increases in the concentrations of those cations 
(particularly calcium and to a lesser extent magnesium) which tend to form 
relatively insoluble phosphates; or unless the alkalinity of the soil is increased. 
It will be observed as between the figures from the cropped and stored soils 
that calcium and magnesium ions not only do not increase but actually decrease 
in concentration. On the other hand, from a similar comparison of pH values, 
there is an increase in alkalinity incidental to cropping in six out of seven cases. 
In view of the limited number of cases at hand and certain inconsistencies in 
the data as a whole, it is not clear that increased alkalinities are the only cause 
of decreased phosphate concentrations. 

There are substantial increases in sulfate concentration in cropped and fal- 
lowed soils over and above those of stored soils, in all but onecase. We observe 
that the greatest increases are in the fallowed soils, although the cropped soils 
arenot much lower. It isnot clear from the present data, whether the increase 
of this ion is due to oxidation of organic sulfur or to solution of solid-phase sul- 
fate,or both. The significant fact to be noted here is the relative quantitative 
importance of thision. In all of our soils which have been depleted in nitrate 
and chloride content, it is the most abundantion. The fact suggests itself that 
in non-alkaline soils, free from excess of chlorides, carbonates and bicarbonates, 
sulfate is the ion which is mainly responsible for keeping cations in solution 
when nitrates are diminished. It seems to the writers that this, rather than 
the usefulness of sulfur as such to the plant, may be the cause of the greatly 
increased crops frequently obtained by sulfur applications to many soils. 


SEASONAL CHANGES IN THE SOIL SOLUTION 


_ In table 4 are presented the analyses of solutions displaced from the seven 
soils at the beginning and at the end of the ninth growing season, and at the 
beginning of the tenth season. The data thus cover the critical periods for an 


4 See footnote 3. 
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entire year. The data from table 4 are recalculated to uniform moisture for 
each soil in table 5, and the latter is used as the basis for the following 
discussion. 

In considering these data, it must be kept in mind that the soils had all 
borne crops of barley for 9 consecutive years, while under observation in this 
laboratory. Many of the soils also had been under intensive cultivation for 


TABLE 4 


Solutions displaced from cropped (A) soils at beginning and at the end of the growing season 
(1923) and at the beginning of the next growing season (1924) 


PARTS PER MILLION OF DISPLACED SOLUTION 


SOIL 
NUMBER 


DATE MOISTURE; pH 


HCOs} SO. Ca Na 


per cent 
Apr. 30, 1923 10.7 | 7.4] 174] 83] 655 | 1.1 | 283 | 106 | 49 | 24 
Sept. 4, 1923 i235 17% 58 | 155 | 432 | 0.6 | 193 47 | 40 9 
Apr. 28, 1924 14.2 | 7.6 | 222 | 142 | 571 | 0.6 | 296 67 | 52 11 


“I 


Apr. 30, 1923 9.6 | 7.4 | 274] 93 | 633 | 2.5 | 267 | 93] 31 | 20 
8 Sept. 4, 1923 8.4 | 7.6} 88 | 143 | 275 | 1.4] 153 | 56} 28 | 11 
Apr. 28, 1924 | 13.2 | 7.2 | 227 | 107 | 441 | 2.1 | 232 | 78) 23 | 10 


Mot Rt PN SOMEONE SIT ee ee eee 


160 | 73 | 432 | 0:9 | 213 | 75] 27 | 12 


Apr. 30, 1923 7.6 
7.8) 43 | 167 | 121 | 0.3 | 107 | 32] 30 7 
7.6 


9 Sept. 4,1923 | 13.8 
Apr. 28,1924 | 12.9 


SSCA se SoS 


Apr. 30, 1923 7.2 1.2 
10 Sept. 4,1923 | 14.4 | 7.6] 40/ 112 | 241 | 0.7] 108} 38] 16 | 23 
Apr. 28, 1924 7.2 1.1 


(SS ROS Da i 


Apr. 30, 1923 | 12.9 | 8.2 | 166 | 160 | 645 | 3.3 | 213 | 93] 84 | 39 
ii Sept. 4,1923 | 12.4 |7.6| 16 | 234 | 598] 1.2 | 192 | 64) 44 | 22 
Apr. 28,1924 | 11.4 | 8.1 | 286 | 259 | 854 | 2.9 | 300 | 102 | 85 | 38 


Apr. 30, 1923 | 12.1 | 7.3] 115 | 40] 281] 2.3] 120) 46) 27 | 13 
12 Sept. 4,1923 | 13.5 |7.6|{ 50] 68 | 184/0.7; 80] 28] 12 9 
i 0.7 | 156 | SO] 18 | 10 


Apr. 28, 1924 | 13.7 156 | 49 | 313 


140 | 47} 56 | 45 
80 | 23 | 26 | 23 
168 | 55 | 47 | 49 


Apr. 30, 1923 18.0 | 8.0 | 146 | 107 | 295 
14 Sept. 4,1923 | 18.7 | 7.6] 13 | 176 | 174 
Apr. 28,1924 | 18.8 | 7.6 | 167 | 142 | 380 
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years before they were assembled for experimental purposes. All soils have 
now reached a comparatively low yield which varies little from year to year. 
The average yield of grain in 1923 was about 39 per cent and total dry matter 
29 per cent of that obtatned in 1915. Under such circumstances, we might 
legitimately anticipate that whatever changes occur during a given growing 
season, the condition of the soil at the beginning of each season should be 
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relatively constant. Such a result is abundantly confirmed by the data pre- 
sented. Briefly stated, these show that the resultant effect of a crop is to bring 
about a general diminution of concentration of electrolytes, especially of 
nitrates, sulfates, and bases in the solutions displaced from the soil, but that 
there is a tendency toward increased concentrations of such constituents after 


TABLE 5 
Solutions displaced from cropped (A) soils at the beginning and at the end of the growing season 
(1923), and at the beginning of the next growing season (1924) 
(Results from table 4 calculated to a uniform moisture basis for each soil) 


PARTS PER MILLION OF DISPLACED SOLUTION 


HCO;* PO,* Na 


per cent 
Apr. 30, 1923 : 83 
Sept. 4, 1923 | 12.5 : 155 
Apr. 28, 1924 


Apr. 30, 1923 
Sept. 4, 1923 
Apr. 28, 1924 


Apr. 30, 1923 
Sept. 4, 1923 
Apr. 28, 1924 


Sept. 4, 1923 
Apr. 28, 1924 


Apr. 30, 1923 
Sept. 4, 1923 
Apr. 28, 1924 


Apr. 30, 1923 
Sept. 4, 1923 
Apr. 28, 1924 


Apr. 30, 1923 107 
Sept. 4, 1923 | 18.7 | 7. 176 
Apr. 28, 1924 142 


14 


| 
| 
| 
| 
| 
| 


* Bicarbonate and phosphate remain as in table 4 (see text.) 


the removal of the crop, and by the beginning of the succeeding season these 
are of the same general magnitude as those of the preceding year in soils which 
have been continuously cropped. In the light of these results, there can be 
but little doubt that the reason why a depleted soil continued to give fairly 
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uniform crops for many years is that it attains an equilibrium which is a func- 
tion of environmental conditions and the nature of the solid phase. The 
‘ comparatively small amounts of solutes removed from year to year by the 
growing plants do not substantially change the composition of the solid phase 
and hence cannot materially affect the equilibrium. 

As stated above, most constituents decrease in concentration in the dis- 
placed solutions at the end of the growing season and apparently the losses of 
dissolved materials incidental to the growing of the crop have not at that time 
been made good by additions from the solid or gaseous phase. The exception 
to this generalization is the bicarbonate ion, which is invariably higher at the 
end than at the beginning of the growing season. The characteristic increase 
of the partial pressure of CO, in the soil atmosphere during the period of 
ripening of plants as shown by Russell and Appleyard (5) is sufficient to 
account for the increase of the bicarbonate ion at that stage. 

The behavior of phosphate here, as in the cases already considered, is of 
interest. It seems clear that, whatever the cause, there is a general tendency 
for phosphate concentrations to diminish during the growing season and to 
increase during the period between crops. For the most part these fluctua- 
tions are consistent with the increases and decreases of alkalinity indicated by 
the pH values. Here again, however, certain exceptions’ preclude definite 
conclusions and it is evident that more highly specialized experiments will be 
necessary to elucidate all of the vagaries of phosphate behavior. 

From both sets of experiments, it seems fair to conclude that in soils which 
are not subject to the leaching effect of percolating waters, phosphate tends to 
be reduced in concentration when subjected to conditions incidental to the 
growing of a crop in spite of the tendency of solid-phase phosphates to dis- 
solve and compensate for the amounts removed by the plant. The generally 
recognized tendency of many soils to increase in alkalinity during the growing 
season is probably the most important factor in the decrease of phosphate 
concentration found at that time. It should, however, be kept clearly in 
mind that the present data are derived from experiments in which soils were 
kept in tanks that permitted no escape of drainage water. It is, therefore, 
still an open question as to how the soil solutions of natural soils with good 
under-drainage are affected. Soils in which the effects of leaching are to 
reduce the concentration of calcium and magnesium should tend toward 
increased (3) concentrations of phosphate in the absence of increases in pH 
values. With concurrent decreases of alkalinity the effect should be accen- 
tuated. This phase of phosphate behavior is now undergoing study in this 
laboratory. 


5 Inaccurate determinations of pH values may be the cause of these exceptions due to 
losses of CO2 from the displaced solutions during the manipulation. It seems probable that 
very slight changes in the pH value cause substantial changes in phosphate concentration, 
so that experimental errors, unless quite small, become significant. 
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NATURE AND CHANGES OF THE SOIL SOLUTION 


The uniformity in behavior with respect to most of the characteristics and 
changes observed in the displaced solutions from all of the soils studied renders 
it probable that many of the conclusions arrived at are applicable to soils in 
general. Thus the evidence presented may be deemed to be conclusive that, 
excepting soils which are in a very high state of fertility, fallowing increases the 
concentration of the displaced solution and presumably also of the soil solution. , 
On the other hand, the effect of cropping is to reduce the concentrations of most 
constituents in the displaced solution. When soils have reached a low state 
of fertility due to continuous cropping the seasonal decrease of concentration 
to which most of the solutes are subject, is only temporary. In such soils it 
may be expected that the initial concentration of the soil solution in any given 
growing season will be restored to its original magnitude by the beginning of the 
following season. 

In addition to these broad generalizations the nature of the evidence would 
appear to justify a further statement of a quantitative character as to concen- 
trations and changes of the soil solution in soils consisting largely of mineral- 
ized solid-phase constituents. Soils approaching the extremes of mineralog- 
ical composition and those consisting largely of organic detritus are obviously 
beyond the scope of the present data. Since we are in the nature of the case 
dependent upon observations of a limited number of specific individual soils 
we have first to consider the character of our particular soils with reference to 
their availability for such generalizations. 

Theinvestigations of Hilgard, and of his colleagues and successors, have 
clearly shown that soils of the arid region in general, not only contain larger 
totals of the bases used by plants than do the soils of humid regions, but also 
yield larger amounts of such bases when treated with various solvents. The 
evidence afforded by water extractions is particularly cogent and gives indubit- 
able proof of the relatively high degree of solubility of the constituents of 
typical arid soils. Observations of freezing-point depressions also show sub- 
stantially higher total concentrations for soils of arid, as compared with those 
of humid, regions. The soils considered in the present paper are from a region 
of deficient rainfall and, while neither alkaline nor saline in the sense in which 
these terms are commonly used, are certainly typical of their climatic origin. 
As such, the total concentrations of their soil solutions are probably higher 
than those of the average soil from humid regions. The absolute concentra- 
tions of electrolytes in the soil solution inferred from studies of the solutions 
displaced from our soils, thus probably represent maxima which are not likely 
to be attained in humid soils, save in exceptional cases. With this understand- 
ing we may venture to suggest certain characteristics of the conventional soil 
solution based upon the present data. Referring to table 3, the highest total 
concentration we have yet observed in a displaced solution was in the stored 
soil 8, which contained 4093 parts per million at 14.7 per cent moisture. If 
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such a soil were reduced to half this moisture content, as might easily happen 
under cultural conditions in the field, the concentration should approximately 
double. It seems fair to conclude that the soil solution of soils in general 
probably seldom exceeds 5000 parts per million at moisture contents cor- 
responding to their optimal water requirements, or 10,000 parts per million at 
half optimum. 

When the concentration of the soil solution is of this order of magnitude it 
is probably not greatly increased by fallowing and may be diminished thereby. 
When of lower concentration, and in the generality of cases, the concentration 
is probably increased by any treatment which stimulates biological activities. 
With soils having solutions of very low concentrations such treatment may 
greatly increase the amounts of dissolved matter (cf. 12S and12B). On the 
other hand, there is but little doubt that cropping a soil continuously even for 
a limited number of years decreases the concentration of the soil solution in all 
soils and the greatest rate of loss is probably in those soils which initially had 
high concentrations (cf. 8S with 8A and 12S with 12A). Soils probably will 
not prove highly productive when the soil solution at the beginning of the 
growing season approaches a concentration of 1000 parts per million at opti- 
mum moisture content, unless the rate of formation of solutes and particularly 
of nitrates is especially high during the period covering the early stages of the 
growth of the crop. . 

When a soil has been continuously cropped for a number of years it probably 
seldom contains more than 1500 parts per million of total solutes in its soil 
solution, and the quantity may be considerably lower than 1000 parts per mil- 
lion at optimum moisture even at the beginning of the growing season. Such 
soil solutions decrease still further during the growth of the crop and may be 
reduced to a few hundred parts per million by the end of the period of absorp- 
tion by the plant, after which they tend to increase and may return to their 
initial concentrations by the beginning of the next season. 

The qualitative characteristics of the soil solution may be made clearer by 
expressing the results in terms of chemical equivalents. For this purpose we 
have averaged the data (see table 3) from each set of soils and recomputed these 
in terms of milli-equivalents. These results are presented in table 6A. It 
will be observed that the sums of the negative ions are somewhat less than those 
of the positive ions. The differences are given in the column headed ‘‘defi- 
ciency.” These differences are doubtless due to analytical errors inseparable 
from determinations based on small quantities of solution. In table 6B we 
have eliminated the deficiency by proportionate additions to all negative ions. 

From table 6B it is evident that the solutions from stored and fallowed soils 
have the same general qualitative characteristics, consisting largely of nitrates 
and sulfates, the ratio of nitrate to sulfate being about 3 to 1 in both sets of 
soils. In the depleted soils this is reversed and the nitrate-sulfate ratio is 
about 1 to3. A further change occurs during the growth of crops as shown by 
the individual soils in table 5 where the nitrate decreases, bicarbonate increases 
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and sulfate, while usually decreasing, does not ordinarily diminish at so great 
arate as does nitrate. The effect upon the proportions of the various anions, 
however, is minimized here because all of the soils had comparatively low 
amounts of nitrates at the beginning of the season due to the continuous crop- 
ping to which they had been subjected. It is evident that highly fertile soils 
comparable to most of the ““B” or “‘S” soils, would suffer an extreme reversal 
of anion composition during the growth of a crop, since the previous work of 
this laboratory (1) has shown that even such soils lose the greater part of their 
nitrates after the first few weeks of the growth of barley. The data from the 


TABLE 6A 


_ Average* composition of displaced solutions from cropped (A), fallowed (B) and stored (S) soils 
after 8 years 


NEGATIVF IONS POSITIVE IONS 
MILLI-EQUIVALENTS MILLI-EQUIVALENTS TOTAL IONS 
MILLI- - 
EQUIVA- 

Defi- : - LENTS 
ciency 


per 


cent 


12.6] 2.91) 1.44) 0.0 | 9.81 1.26| 4.29/10.14) 7.10) 1. 39.54 


16. 3/25.12) 0. ae 8.21) 0. ; 6.50.27 .88/10.99 : 86.49 


4.96 2.98|19.02) 8.80 69 .56 


16. 2|16.80) 1.20) 7.41 


| 


* Averages from table 1. 


TABLE 6 B 
Average* com position of displaced solutions from cropped (A), fallowed (B) and stored (S) soils 
after 8 years after eliminating deficiency 


NEGATIVE IONS POSITIVE IONS 


MILLI-EQUIVALENTS MILLI-EQUIVALENTS ~~ 
MOISTURE Pel 


HCOs} Cl | SO. i Ca | Mg | Na LENTS 


per cent 
f 12.6 1/3272 1.84) 0 .00)12.53 1.61/10.14 7.10) 1.84 
B 16.3 |29.56, 1.02; 1.44 9.66 1.48/27 .88 10.99 Zt 
S) 16.2 |18.37 1.31| 8.10 5.43 1 .38)19 .02) 8.80; 5.04 


* Averages from table 1. 


“A” and “S” soils (table 6B) are therefore probably more representative of 
the qualitative changes in ordinarily fertile soils during the growing season 
than are those from the seasonal study of the depleted soils. The special 
interest of the qualitative changes in the soil solution of soils under crop, lies 
in the fact that the make-up of many nutrient culture solutions has been based 
upon the imagined composition of the conventional soil solution. We may, 
therefore, consider what the composition of such a nutrient culture solution 
should be if it is to simulate the concentration of the soil solution as it exists 
at any given period. For this purpose we have re-calculated the data from 
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table 6B in terms of parts per million of the salts which would supply the 
amounts of solutes shown by the averages of our displaced solutions. These 
data are presented in table 7. 

The combinations of ions, of course, are purely conventional and are based 
upon the relative solubilities of the various salts. It is not intended to imply 
that the ions as they exist in the displaced solutions are in these particular 
combinations or are undissociated. Such a tabulation, however, brings out 
the extraordinary qualitative differences of composition which must be taken 
into account when the liquid phase of soils under crop is being considered. 
Moreover, the results indicate in a more definite manner than we have been 
able to present heretofore, that a nutrient solution made up in imitation of 


TABLE 7 
Conventional combinations as salts of ions in displaced solutions from cropped, fallowed and stored 
soils after 8 years 


CROPPED FALLOWED STORED 
(12.6 PER CENT WATER) | (16.3 PER CENT WATER) | (16.2 PER CENT WATER) 


SALT 


p.p.m. Proportion p.p.m. Proportion p.p.m. Proportion 


per cent per cent 


oO CE eas Sees 156 11.40 235 1.89 428 17 .04 


per cent 


ON eee eee Pe 69 5.04 163 4.96 194 Vd2 
1 CS SSS ae ror 89 6.51 813 24.72 651 25 .92 
CS OY CS SIRS ees = — 1164 35.39 214 8.52 
UC See eee — — 80 2.43 450 17.91 


: Mclehimese weed) See 32.97 657 19.98 369 14.69 
CalEICOs.......5. 6.0.04. 149 10.90 83 2.02 106 4.22 
Coe OO) Seamer 8 0.58 7 0.21 20 0.80 
ROMP OS 5 wi ws oe ew 92 6.73 87 2.65 80 3.18 


100.00 100.00 


MEME ey vais kom ns aie 


Total Computed to Uni- 
form Water 16.2 per cent} 1064 3309 2512 


the probable composition of the soil solution of fertile soils at the beginning of 
the season is anything but representative of the liquid phase of the soil as it 
exists at later periods if plants are being grown thereon. 


SUMMARY 


1. Data are presented covering the composition of the solutions displaced 
from seven fine sandy loam soils under varied conditions. 

2. The conditions represented were those incidental to cropping, fallowing, 
and maintenance in the air-dry state, all for a period of 8 years. 

3. Similar data obtained from the cropped soils at the beginning and at the 
end of the ninth season and at the beginning of the tenth season of continuous 
cropping are given. 
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4. It is concluded that continuous cropping invariably decreases the concen- 
trations of the solutions obtainable from soils by water displacement. On 
the other hand, fallowing increases the concentrations of such solutions except 
in the case of soils in a high state of fertility. 

5. In soils which have been continuously cropped for some years, the seasonal 
decrease of concentration of the displaced solution characteristic of soils in 
general is temporary, and it may be expected that such solutions will increase 
to their initial concentrations by the beginning of the next season. 

6. The characteristic fluctuations in concentration of certain solutes in the 
displaced solution are discussed. The fluctuations of phosphate concentra- 
tion are deemed to depend primarily upon the reaction of the soil solution, 
although the concentrations of certain cations also are involved. 

7. Estimates of the quantitative composition of the soil solution of fertile 
and infertile soils are tentatively suggested. 

8. Evidence is presented which tends to show that the qualitative com- 
position of the soil solution in soils under crop is constantly changing. It 
follows that nutrient culture solutions made up in imitation of the soil solution 
as it exists at the beginning of the season, cannot represent such solution during 
the later stages of the growth of crops. 
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